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1 Introduction 
1.1 General 
Many occupational diseases are caused by hazardous substances. The total number of 
recognized occupational diseases in Germany in 2001 was 17171 cases [www.hvbg.de, 2002]. 
From 6433 new cases of recognized occupational diseases in Germany in 1995 more than fifty 
percent were due to hazardous dusts, mists, vapors or gases. It can be assumed that most of 
these emissions are produced by machines operated in working areas [Bauer et al, 1996]. 
Especially in the metal-working industry this problem can reach large proportions because of 
the near contact between machine and operator. Exposition to air pollution (for example oil 
mists) is maximized. Until now, the conventional metal-working industry has been subject to 
many investigations concerning health aspects [Mang et al, 1977]. 
Since the first descriptions of the English researcher Priestley with regard to the erosive effect 
of electrical discharges, about two hundred years have gone by before an actual production 
process, using this concept, has been built. The decisive proposal came from the Russian 
scientific married couple Lazarenko in the year 1943. They wanted to use the energy saved in a 
condenser to form metals [Pletz, 1981]. The beginning and growing market of electrical 
discharge machines, during the late 50’s, introduced a metalworking concept that was 
completely different form the existing conventional metalworking techniques like milling and 
grinding. The advantage of this portrayed interaction from complex, three-dimensional 
structures (with the use of electrodes) were and are so drastic, that the technique of this ‘exotic’ 
concept has developed to a technology which has no concurrence at all, during the last thirty 
years [Kutz, J., 1990]. Nowadays, electrical discharge machining (EDM) is one of the most 
important manufacturing processes in the die and mold industry, and is furthermore applied in 
various branches where accurate and concave shapes have to be machined. The large 
variation in EDM-products is partially reflected in figure 1.1; products vary from toys to cog 
wheels. 
In Germany, about 8000 sinking- and 6000 wire cutting-machines are in use, showing the high 
acceptance of this concept as an industrial manufacturing process [Boor, 1991, Tönshoff et al, 
1996, König, 1990]. Its benefits, compared to conventional processes, like milling and grinding, 
lie in the machining of materials with high hardness and strength as hardened steel tungsten 
carbide or conductive ceramics [Dauw et al, 1989, Dauw, 1992, König, 1990]. 
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Cover Toy
Matrix for Cog wheel- productionAxis
Work-pieces: X 38 CrMoV 5 1
 X 32 CrMoV 3 3 etc.
Work-pieces: 21 MnCr 5
 X 19 NiCrMo 4 etc.
Work-pieces : 56 NiCrMoV 7
 X 15 CrCoMoV 10 etc.
Work-pieces : ASP 23
 X 210 CrW 12 etc.  
Figure 1.1 Four examples of products made with the electrical discharging concept. Next to the 
products, the used work-piece material is also reported. 
S.EVERTZ – ELECTRICAL DISCHARGE  MACHINING: EXPOSURE ASSESSMENT 
7 
1.2 Electrical discharge machining, the concept of sinking 
The electrical discharge process is based on thermal effects; electrical discharges between two 
electrodes, the tool and the work-piece have material removing potential. Electrical installations 
generate very high voltage-energies, located very specifically, between these electrodes. The 
intervening space is very small. Between the anodic tool and the cathodic work-piece (sink 
EDM), there is a non-conductive dielectric, for instance a hydrocarbon fluid like a mineral oil. In 
the area of the highest field-density, an electrical conductive plasma-channel builds up with 
temperatures up to 20000K. The material removal procedure can be explained by extremely 
quick heating, melting and vaporizing. The heat sources are the energy transfer between the 
plasma and the electrodes and the Joule energy [König, 1990, Pletz, 1981].  
The sinking concept uses the above described physical phenomenon and is reflected in figure 
1.2. The tool (anode) will be negatively formed in the work-piece (cathode) by the process of 
sinking caused by the high temperatures as a result of the high voltage energy. 
dielectric
 
Figure 1.2 Sinking concept of electrical discharge machining. The electrode (tool) is negatively 
formed in the work-piece by sinking and due to quick heating, melting and vaporizing. 
Besides the concentration effect of the dielectric fluid by building a discharge channel and 
increasing the energy density, the dielectric carries the removed material out of the gap 
between the two solid partners. At the same time, it serves as a liquid absorbing filter for 
gaseous and liquid phases when expelled from the gap [Tönshoff et al, 1996]. The installation 
that applies the sinking concept combine all different functionalities; the tool-work-piece sinking 
mechanism, a dielectric- and processing-tank and a generator. In figure 1.3, a picture of an 
EDM installation is shown. 
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Figure 1.3 Picture of an EDM installation (C-Gestell) at WZL. All functionalities are shown. The 
processing tank will be closed and filled with dielectric (from the dielectric tank) 
before processing. 
The high temperatures and pressures in the discharge channel can lead to the arising of a 
number of reaction-products of the dielectric. These reaction products can emit from the 
dielectric as aerosols or gases. Hazardous substances, that are part of these emissions can 
concentrate in the surrounding air. Next to concentrations in air, hazardous substances can also 
concentrate in the dielectric itself. As can be seen in figure 1.4, emissions are set free into air 
from the dielectric.  
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Figure 1.4 Picture taken from the upper side of the EDM installation during production.  
Operating personnel is exposed to these emissions during the actual production process. This 
has been the main cause of the rising number of questions and uncertainties regarding the 
hazardous potential of the emissions. Aspects concerning environmental protection became 
more and more important only during the last years [Storr, 1996]. Figure 1.5 shows all of the 
aspects that are relevant for environmental and occupational hygiene.  
Z
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Figure 1.5 Environmental aspects of electrical discharge machining [Storr, 1996]. Four main 
groups are plotted; Emissions, Disposal, Electromagnetic tolerability and Operator’s 
health. 
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Decomposition products and heavy metals may accumulate in the dielectric and the erosion 
slurry. Next to disposal aspects exposure during handling of these media can cause negative 
health effects, hydrocarbon dielectrics have a negative effect on the skin, and sharp edged 
metallic particles may damage the skin. During processing air-emissions can enter the body by 
inhalation and partly by passing the skin. A harmful impact of electromagnetic radiation has not 
yet been fully investigated. There is furthermore a significant fire-hazard. Explosions may occur 
under unfavorable circumstances [Tönshoff et al, 1996, Bartz., 1998, Cauwenberghe and 
Vaeck, 1983]. 
The basic knowledge which is necessary to decide whether occupational hygiene is threatened 
and subsequent protection measures are obliged, is retrieved from characterization of the 
composition of the emissions. The retrieved chemical quantities can be compared with actual 
limit values for occupational environments, like MAC (maximal acceptable concentration) to give 
an indication of existing hazards [Simon, 1977]. The following sections will give an overview of 
several studies that have been focussing on the area of emission-characterization. 
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1.3 State of the art 
From the potentials listed above, EDM seems to be a rather hazardous process. However all 
above mentioned potentials are only possible hazards and not necessarily real dangers. The 
German occupational protection agency, the “Berufsgenossenschaftliches Institut für 
Arbeitssicherheit – BIA”, has gathered a lot of data concerning immission based measurements 
performed in a large number of industrial plants at different working-places using a sampling 
device attached to persons. Aliphatic hydrocarbons have been analyzed in aerosol and vapors. 
[BIA, 1995]. The results showed significant differences between the concentration of aerosols 
and the concentration of vapors. Regarding aerosols, the recommended concentration limit in 
Germany of 5 mg/m3 was not exceeded. In contrast, the total values exceeded the limit of 20 
mg/m3 much more often. Furthermore, from these investigations in practice it has to be stressed 
that according to the state of the art, the EDM process is not qualitatively more harmful than 
conventional processes. However, all these comparisons use the results of aliphatic 
hydrocarbon analysis as the reference. There are other investigators that have examined the 
emissions for other substances than aliphatic compounds.  
The arising of hazardous substances at EDM installations is among others dependent on the 
removal principle (sinking or wire cutting), the used dielectric and the metals that are used as 
tool and work-piece [Busalt, 1989]. Obviously, sinking EDM with high material removal rates 
generates more fumes and aerosols and therefore hazardous substances as compared to finsh 
wire cutting EDM that causes small material removal rates. The electrical discharge, that can be 
adjusted by discharging current and discharging time, will therefore influence the amount and 
the composition of the emissions. Future industrial production will use higher discharging 
energies to increase material removal rates.  
The materials (tool and work-piece) and their compositions are of interest when they contain 
toxic substances, for instance carcinogenic constituents like chromium and nickel. The kind of 
dielectric is an important factor for the generation of hazardous materials. Due to the extremely 
high temperatures in the working gap, the composition of the dielectric and its viscosity have a 
high influence on the fume and vapor development. Lower viscosities tend to have a lower fume 
and vapor generation.  
The level of the dielectric (level above processing location) is also of importance regarding the 
emission of hazardous substances [Busalt, 1989]. According to the VDI guideline 3402 the level 
has to be higher than 40mm over the erosion spot to condense and adsorb a considerable part 
of the vapor and fume in the dielectric itself. Despite this, industries that use EDM are 
recommended to increase this condensation-distance to 80 mm [Kutz, 1990, IME-MH, 1994, 
Tönshoff et al, 1996].  
Chemical-analytical characterization of air-samples from aerosols and gases 
Regarding to an investigation of Bommeli [Bommeli, 1983], it must be assumed that using a 
dielectric on the basis of mineral oil or an organic fluid for EDM sinking, the following fumes 
develop; 
♦ Polycyclic aromatic hydrocarbons (PAH) aerosol bound, like for example benzo[a]pyrene; 
♦ Aromatic and paraffin hydrocarbon gases, like for example Benzene; 
♦ Vapor (gases) of mineral oil; 
♦ Mineral aerosols; 
♦ Metal particles like Cr, Co, Ni; 
♦ Various by-products generated by the dissociation of oil and its additives 
Simon investigated two different sinking EDM processes. The data was retrieved from two real-
life manufacturing examples. Table 1.1 summarizes the EDM adjustments. Table 1.2 
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summarizes the results of this investigation. As can be seen, the proportion of saturated 
aliphatic hydrocarbons based on the used dielectric is high, 170-330 ppm. The unsaturated 
hydrocarbons, which are classified as being less toxic, were calculated assuming a maximum 
olefin concentration of 0.1% of CnH2n+2-concentrations. Nitro-compositions and aldehydes could 
not be detected. 
Dust could be detected as graphite and rust in the fumes. During EDM, two different work-
pieces were used. This explains the different metal concentrations detected in air. On the one 
hand, increased Titanium and Copper particles with diameters of 0.2-20 µm arose, on the other 
hand increased Nickel particles were detected with a diameter of 1 µm. Concentrations partially 
exceeded the MAC values, as valid in these days. 
Table 1.1 EDM adjustments [Simon, 1977] 
 EDM installation 1 EDM installation 2 
Type D4 Charmilles SA, CH-Genf D4 Charmilles SA, CH-Genf 
Max. Current [A] 25 2x25 
Work-piece Titanium-piece: 2% Cu, Rest 
Ti 
Nickel-Piece: 14% Cr, 5% Ti, 3% Al, 4% W, 4% 
Mo, 10% Co, Rest Ni 
Depth of sinking max. [mm] 45 3 
Mean Current [A] 9 / 5 6 
Tool Graphite Copper 
Dielectric BP 250, BP AG, D-Hamburg BP 250, BP AG, D-Hamburg 
 
Table 1.2 Results of investigation [Simon, 1977] 
Substance EDM Present in fume Concentration in Fume 
Hydrocarbons, saturated CnH2n+2 1 Yes 170 to 330 ppm C18 
Hydrocarbons, unsaturated CnH2n 1 Possible <0.3 ppm C18 
Aldehyde RCHO 1 Possible <10-3 ppm C8H17CHO (not detectable) 
Nitro-compositions RNO 1 Not clear <10-4 ppm C9H19NO  (not detectable) 
Graphite, rust 1 
2 
Probably 
 
25 mg C/m³ Fume 
19 mg C/m³ Fume 
Metal-particles 
Concentration 
1 
 
2 
Yes 
 
1.0 mg Ti/m³  Fume 
0.5 mg Cu/m³ Fume 
2.7 mg Ni/m³ Fume 
1.3 mg Cu/m³ Fume 
Particle diameter 1 
2 
 0.2 to 20 µm 
≥1 µm 
 
More specific details regarding the arising substances have not been gathered. The EDM tests 
were performed using currents of max. 9A, which is very low nowadays. Next to this, no 
technical adjustments were varied systematically. Influences of work-piece, tool and dielectric 
were not investigated. 
Bommeli, as described above, has performed an investigation too. Concentrations of several 
hazardous substances were analyzed at different sampling locations. First samples were taken 
directly above the dielectric bath (processing tank). Second, samples were taken at the location 
of the process-operator. Last samples were taken to describe the basic (control) load of the 
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working environment. The highest concentrations were found in the processing tank. The 
following substances were quantified; PAH (9-24 ng/m3 air), Dust (0.1-0.15 mg/m3 air), 
Hydrocarbon mixtures (0.09-0.29 mg/3 air), Benzene (0.29-0.36 µg/m3 air) and other volatile 
aromatic substances (0.14-9.44 µg/m3 air).  
Nevertheless, the detected and quantified concentrations of the substances were all below the 
MAC values as valid at the time. Regarding these results, it has to be mentioned that all sinking-
tests were performed, using only one technical adjustment. Copper electrodes were used as 
work-piece and hardened steel was used as tool. The discharging currents were not 
documented. The machine however, could produce max. current of 25 Amperes. The used oil 
type was not classified. So, again the technical adjustments were not varied systematically.  
The Institute of Industrial Safety of the German federation of Institutions for Statutory Insurance 
and Prevention (BIA) has measured hazardous substances in fumes and gases from EDM 
installations, in a cluster of investigations. Within the frame work of ‘Occupational work place 
monitoring’, the exposition of operators was evaluated in ambitious investigations using sum-
parameters [BIA, 1995, BIA, 1996]. The main question was whether the valid limit values in 
these days were  exceeded or not. For practicable and routine monitoring, an evaluation of 
exposure to individual substances was not defined as being efficient and effective. The 
emissions, arising during EDM, were classified as follows;  
♦ Emissions of anorganic substances (for example, metal fumes) 
♦ Carbon dust (for example, graphite and rust) 
♦ Emission of organic substances (for example hydrocarbon vapors and aerosols) 
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Figure 1.6 Results of measurements of BIA investigations [BIA, 1995]. Three locations (directly 
above the work-tank, person-bound and in the working hall) are sampled. Four 
analyses have been performed: aliphatic compounds in aerosols, aliphatic 
compounds unspecific (gas+aerosol fraction), benzene and total C (total carbon 
content). 
The highest concentrations were measured in the processing tank. The concentrations 
measured with the person-bound sampler were between the concentrations measured in the 
working hall and the concentrations in the processing tank.  
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BIA has analyzed air-samples for aliphatic hydrocarbons (aerosol and gas), hydrocarbon 
mixtures, benzene and benzo[a]pyrene, fine dust, total carbon (total C) and organic dust. The 
sampling procedure for the analysis of aliphatic hydrocarbons (aerosol as well as gas) was 
based on aerosol filtration using glass fiber filters and subsequent adsorption of gases on XAD-
2. Next, the aliphatic hydrocarbons are detected using infrared spectroscopic determination of 
CH-dipole moment variations. 
The group of aliphatic hydrocarbons, aerosol, was under the recommended limit value by BIA at 
all sampling locations. The aliphatic hydrocarbons, unspecific (sum of aerosol and gases), 
however were between 24 and 81% above these limit values at all sampling locations. 
Regarding the hydrocarbon mixtures, only the concentrations in the processing tank exceeded 
the limit values. All other locations showed concentrations under group 3 and 4 according to 
TRGS 404 [TRGS 404, 1992].  
A more specific investigation for the arising hydrocarbons has not been performed. Some 
specific target-analyses showed the presence of benzene and benzo[a]pyrene. Benzene has 
only been detected in the processing tank and was under the existing TRK-value. This limit 
value (TRK or Technical Concentration) is not based on toxicological data, like MAC values 
(maximum allowed concentrations), that are based on no-effect levels, for example. Because of 
the fact that in specific technical manufacturing processes, emissions of carcinogenic 
substances can not be avoided and because exposition to these substances can not be 
excluded for 100%, limit values are needed in occupational risk monitoring. MAC values can not 
be used because carcinogenic substances do not have a no-effect level (one-hit model). In 
these cases, so called Technical Concentrations (TRK) are used. They reflect the lowest 
achievable emission-concentrations. In other words, maximum concentrations that can be 
reached regarding the current technical state of the art. TRK values are not equal to MAC 
values; health effects can not be excluded even if TRK values are not exceeded [N.N., 2001].  
concentrations of substances cannot be limited based on only toxicological data. In these 
cases, a technical concentration is used. Benzo[a]pyrene has only been detected in one case, 
but the concentration was far below the TRK value. Fine dust, total carbon and organic carbon 
were only detected stationary, that means directly above the processing location in the 
processing tank and in the working hall air.  
These emission based measurements were performed at industrial plants. During some 
measurements it was not clear what kind of dielectric or what kind of working metal were used. 
In general, the used currents were not administered. The technical adjustments were not varied. 
Influences of work-pieces, tools, dielectric and current on the composition of emissions arising 
during electrical discharge machining could not be evaluated. 
The infrared spectroscopic quantification leads to a sum parameter based determination of 
aliphatic hydrocarbons. The limit values, as described in TRGS 404 can be used for comparison 
and subsequent risk evaluation. BIA, however, also states that the formation of aromatic and/or 
other substances can not be excluded because of the high temperatures that arise during EDM. 
Despite these conclusions, environmental monitoring regarding individual substances has not 
been performed so far because of: 
♦ Comparison with limit values does not require individual substance information; 
♦ High costs and large working-loads for routine monitoring of working places; 
♦ Very intensive and complex procedures (sampling, preparation and analysis). 
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1.4 Risk analysis 
Covello and Mumpower have described a thoughtful review of the history of risk 
analysis. They noted that perhaps the world's first professional risk assessors were 
the Asipu people who lived in the Tigris-Euphrates valley about 3,200 B.C.. Their 
primary function was to serve as consultants for risky, uncertain or difficult 
decisions. For risky ventures such as a proposed marriage arrangement or a 
suitable building site, the Asipu would identify the important dimensions of the 
problem, identify alternative actions and collect data on the likely outcomes of each 
alternative. The best available data from their perspective were signs from the gods, 
which the priest-like Asipu were especially qualified to interpret. After an analysis of 
benefits and costs of each alternative was completed, the Asipu would recommend 
to their client the most favorable alternative, etched upon a clay tablet.  
The similarities between the practices of modern risk assessors and those of ancient 
Babylon underscore the historical concerns of society regarding the problems of risk 
and appreciation of cause and effect relationships in everyday life. By the 16th to 
18th Centuries, the basis for the current approach to health risk assessment was 
established, including a sensitivity to the importance of exposure and response. 
During the early decades (1900-1940) of the 20th Century, qualitative understanding 
of health risk assessment improved as health scientists and factory managers 
learned of the hazards of occupational exposure to the more than 300 chemicals 
then routinely used in the workplace [Covello and Mumpower, 1985, Raffle, 1987, 
Paustenbach, 1989] 
Risk assessment has (by convention) been separated into four subdisciplines: hazard 
identification, dose-response assessment, exposure assessment and risk characterization. 
Hazard identification is the first and most easily recognized step in risk assessment. It is the 
process of determining whether exposure to an agent could (at any dose) cause an increase in 
the incidence of adverse health effects in humans.  
Dose-response evaluations define the relationship between the dose of an agent and the 
probability of a specific adverse effect in laboratory animals.  
Exposure assessment quantifies the uptake of xenobiotics from the environment by any 
combination of oral, inhalation and dermal routes of exposure. In general, exposure assessment 
should contain less uncertainty than other steps in risk assessment. Admittedly, a large number 
of factors need to be considered when estimating exposure, and it is a complicated procedure 
to understand the transport and distribution of a chemical after release into the environment. 
Nonetheless, available data indicate that scientists can do an adequate job of quantifying the 
concentration of chemicals in various media and resulting uptake by exposed persons if they 
account for all factors that should be considered [McKone, 1991]. For some chemicals, the 
actual uptake by exposed persons need not be estimated; they can often be measured directly 
in body fluids, excrement or hair [Lynch, 1987]. 
The most important part of an assessment, risk characterization, summarizes and interprets the 
information collected from previous activities and identifies the limitations and the uncertainties 
in risk estimates [NAS, 1994, Munro and Krewski, 1981, Preuss and Ehrlich, 1987] 
In industry, risk analysis and evaluation is normally performed by use of environmental 
monitoring by quantifying the concentration of chemicals in various media working personnel is 
exposed to, like air and oil (immission based monitoring). The resulting chemical data are 
compared to limit values. These limit values, like MAC (maximal acceptable concentration), are 
based on the dose response evaluations, as described earlier. A precondition is that possible 
hazardous chemicals that may be emitted are known.  
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A detailed risk evaluation needs information regarding individual substances rather than sum-
parameters, because of extreme differences in toxicological and mutagenic/genotoxic potential. 
Until now, no detailed chemical information has been gathered regarding individual emissions in 
the process of electrical discharge machining.  
1.4.1 Health effects of theoretically emitted substances 
As described above, the first step in a careful risk analysis is obtaining knowledge of chemicals 
that may arise during the process. During EDM several substances can be emitted to air. The 
following information is derived from the Agency for Toxic Substances and Disease Registry 
(ATSDR) and concerns some health aspects regarding substances other than aliphatic 
hydrocarbons which have been the reference for risk analysis of EDM processes until these 
days. In all cases occupational limit values are copied from the Department of Health and 
Human Services (DHHS), the Occupational Safety and Health Administration (OSHA) and the 
National Institute for Occupational Safety and Health (NIOSH). All institutes are situated in the 
United States of America. 
1.4.1.1 Polycyclic aromatic hydrocarbons (PAH) 
Polycyclic aromatic hydrocarbons (PAH) are a group of over 100 different chemicals that are 
formed during the incomplete burning of coal, oil and gas, garbage, or other organic substances 
like tobacco or charbroiled meat. PAH are usually found as a mixture containing two or more of 
these compounds, such as soot. Some PAH are manufactured. These pure PAH usually exist 
as colorless, white, or pale yellow-green solids. PAH are found in coal tar, crude oil, creosote, 
and roofing tar, but a few are used in medicines or to make dyes, plastics, and pesticides.  
PAH can occur in air attached to dust particles. Some PAH particles can readily evaporate into 
the air from the dielectric. Exposure during EDM takes place by inhalation of air born PAH and 
by skin contact via dielectric and slurry.  
Mice that were fed high levels of one PAH during pregnancy had difficulty reproducing and so 
did their offspring. These offspring also had higher rates of birth defects and lower body 
weights. It is not known whether these effects occur in people. Animal studies have also shown 
that PAH can cause harmful effects on the skin, body fluids, and ability to fight disease after 
both short- and long-term exposure. But these effects have not been seen in people.  
The Department of Health and Human Services (DHHS) has determined that some PAH may 
reasonably be expected to be carcinogens. Some people who have breathed or touched 
mixtures of PAH and other chemicals for long periods of time have developed cancer. Some 
PAH have caused cancer in laboratory animals when they breathed air containing them (lung 
cancer), ingested them in food (stomach cancer), or had them applied to their skin (skin 
cancer).  
The Occupational Safety and Health Administration (OSHA) has set a limit of 0.2 mg/m3. The 
OSHA Permissible Exposure Limit (PEL) for mineral oil mist that contains PAH is 5 mg/m3 
averaged over an 8-hour exposure period. The National Institute for Occupational Safety and 
Health (NIOSH) recommends that the average workplace air levels for coal tar products not 
exceed 0.1 mg/m3 for a 10-hour workday, within a 40-hour workweek. There are other limits for 
workplace exposure for things that contain PAH, such as coal, coal tar, and mineral oil.  
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1.4.1.2 Benzene (as a reference for BTEX) 
Benzene is a colorless liquid with a sweet odor. It evaporates into the air very quickly and 
dissolves slightly in water. It is highly flammable and is formed from both natural processes and 
human activities. Benzene is widely used; it ranks in the top 20 chemicals for production 
volume. Some industries use benzene to make other chemicals which are used to make 
plastics, resins, and nylon and synthetic fibers. Benzene is also used to make some types of 
rubbers, lubricants, dyes, detergents, drugs, and pesticides. Natural sources of benzene include 
volcanoes and forest fires. Benzene is also a natural part of crude oil, gasoline, and cigarette 
smoke. People working in industries that make or use benzene may be exposed to the highest 
levels of it. A major source of benzene exposure is tobacco smoke.  
Breathing very high levels of benzene can result in death, while high levels can cause 
drowsiness, dizziness, rapid heart rate, headaches, tremors, confusion, and unconsciousness. 
Eating or drinking foods containing high levels of benzene can cause vomiting, irritation of the 
stomach, dizziness, sleepiness, convulsions, rapid heart rate, and death. The major effect of 
benzene from long-term (365 days or longer) exposure is on the blood. Benzene causes 
harmful effects on the bone marrow and can cause a decrease in red blood cells leading to 
anemia. It can also cause excessive bleeding and can affect the immune system, increasing the 
chance for infection. Some women who breathed high levels of benzene for many months had 
irregular menstrual periods and a decrease in the size of their ovaries. It is not known whether 
benzene exposure affects the developing fetus in pregnant women or fertility in men. Animal 
studies have shown low birth weights, delayed bone formation, and bone marrow damage when 
pregnant animals breathed benzene.  
The Department of Health and Human Services (DHHS) has determined that benzene is a 
known human carcinogen. Long-term exposure to high levels of benzene in the air can cause 
leukemia, cancer of the blood-forming organs.  
Several biological tests show possible exposure to benzene. There is test for measuring 
benzene in the breath; this test must be done shortly after exposure. Benzene can also be 
measured in the blood, however, since benzene disappears rapidly from the blood, 
measurements are accurate only for recent exposures. In the body, benzene is converted to 
metabolites. Certain metabolites can be measured in the urine. However, this test must also be 
done shortly after exposure and is not a reliable indicator of exposed benzene-quantities since 
the metabolites may be present in urine from other sources.  
The Occupational Safety and Health Administration (OSHA) has set a permissible exposure 
limit of 1 part of benzene per million parts of air (1 ppm) in the workplace during an 8-hour 
workday, 40-hour workweek.  
1.4.1.3 Nickel 
Nickel is a very abundant element. In the environment, it is found primarily combined with 
oxygen (oxides) or sulfur (sulfides). It is found in all soils and is emitted from volcanoes. Pure 
nickel is a hard, silvery-white metal that is combined with other metals to form alloys. Some of 
the metals that nickel can be alloyed with are iron, copper, chromium, and zinc. These alloys 
are used in the making of metal coins and jewelry and in industry for making metal items. Nickel 
compounds are also used for nickel plating, to color ceramics, to make some batteries, and as 
substances known as catalysts that increase the rate of chemical reactions. Nickel and its 
compounds have no characteristic odor or taste. Nickel attaches very easily to particles that 
contain iron or manganese. Nickel can be bound to aerosols. Exposure takes place by 
inhalation and skin contact.  
Nickel is required to maintain health in animals. A small amount of nickel is probably essential 
for humans, although a lack of nickel has not been found to affect the health of humans. The 
most common adverse health effect of nickel in humans is an allergic reaction. People can 
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become sensitive to nickel when jewelry or other things containing it are in direct contact with 
the skin. Once a person is sensitized to nickel, further contact with it will produce a reaction. 
The most common reaction is a skin rash at the site of contact. Less frequently, some people 
who are sensitive to nickel have asthma attacks following exposure to nickel. People who are 
sensitive to nickel have reactions when it is in contact with the skin, and some sensitized 
persons react when they eat nickel in food, drink it in water, or breathe dust containing it. Lung 
effects, including chronic bronchitis and reduced lung function, have been observed in workers 
who breathed large amounts of nickel. Current levels of nickel in workplace air are much lower 
than in the past, and today few workers show symptoms of nickel exposure. People who are not 
sensitive to it must eat very large amounts of nickel to show adverse health effects. Workers 
who accidentally drank water containing very high levels of nickel (100,000 times more than in 
normal drinking water) had stomachaches and effects on their blood and kidneys. Animal 
studies show that breathing high levels of nickel compounds may result in inflammation of the 
respiratory tract. Eating or drinking large amounts of nickel has been reported to cause lung 
disease in dogs and rats and to affect the stomach, blood, liver, kidneys, immune system, and 
reproduction and development in rats and mice.  
The Department of Health and Human Services (DHHS) has determined that nickel and certain 
nickel compounds may reasonably be anticipated to be carcinogens. Cancers of the lung and 
nasal sinus have resulted when workers breathed dust containing high levels of nickel 
compounds while working in nickel refineries or nickel processing plants. When rats and mice 
breathed nickel compounds for a lifetime, nickel compounds that were hard to dissolve caused 
cancer, while a soluble nickel compound did not cause cancer.  
Measurements of the amount of nickel in blood, feces, and urine can be used to estimate 
exposure to nickel. These measurements are most useful if the type of nickel compound is 
known.  
The Occupational Safety and Health Administration (OSHA) has set an occupational exposure 
limit of 1 milligram of nickel per cubic meter of air (l mg/m3) for an 8-hour workday, 40-hour 
workweek.  
1.4.1.4 Chromium 
Chromium is a naturally occurring element found in rocks, animals, plants, soil, and in volcanic 
dust and gases. Chromium is present in the environment in several different forms. The most 
common forms are chromium(0), chromium3+, and chromium6+. No taste or odor is associated 
with chromium compounds. chromium3+ occurs naturally in the environment and is an essential 
nutrient. chromium6+ and chromium(0) are generally produced by industrial processes. The 
metal chromium, which is the chromium(0) form, is used for making steel. chromium6+ and 
chromium3+ are used for chrome plating, dyes and pigments, leather tanning, and wood 
preserving. Chromium enters the air mostly in the chromium3+ and chromium6+ forms. In air, 
chromium compounds are present mostly as fine dust particles or bound to aerosols. Exposure 
takes place by breathing contaminated workplace air or skin contact during use in the 
workplace.  
Chromium3+ is an essential nutrient that helps the body use sugar, protein, and fat. Breathing 
high levels of chromium6+ can cause irritation to the nose, such as runny nose, nosebleeds, and 
ulcers and holes in the nasal septum. Ingesting large amounts of chromium6+ can cause 
stomach upsets and ulcers, convulsions, kidney and liver damage, and even death. Skin 
contact with certain chromium6+ compounds can cause skin ulcers. Some people are extremely 
sensitive to chromium6+ or chromium3+. Allergic reactions consisting of severe redness and 
swelling of the skin have been noted.  
Several studies have shown that chromium6+ compounds can increase the risk of lung cancer. 
Animal studies have also shown an increased risk of cancer. The World Health Organization 
(WHO) has determined that chromium6+ is a human carcinogen. The Department of Health and 
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Human Services (DHHS) has determined that certain chromium6+ compounds are known to 
cause cancer in humans. The EPA has determined that chromium6+ in air is a human 
carcinogen.  
Since chromium3+ is an essential element and naturally occurs in food, there will always be 
some level of chromium in the body. There are tests to measure the level of chromium in hair, 
urine, and blood. These tests are most useful for people exposed to high levels.  
The Occupational Safety and Health Administration (OSHA) has set limits of 500 µg water 
soluble chromium3+ compounds per cubic meter of workplace air (500 µg/m3), 1,000 µg/m3 for 
metallic chromium(0) and insoluble chromium compounds, and 52 µg/m3 for chromium6+ 
compounds for 8-hour work shifts and 40-hour work weeks.  
The technical concentration for chromium6+ -substances, dust and/or aerosol bound, is equal to 
0.05 mg/m3 [N.N, 2001].  
1.4.2 Determination of carcinogenic potential of air samples 
Several studies have been performed in metal working areas, other than EDM, where oils are 
also used during the manufacturing process. They noted the relationship between polycyclic 
aromatic compounds and carcinogenic properties of the oils [Apostoli et al, 1992, Jörres, 1989, 
Mehlman, 1992, Monarca et al., 1984]. Furthermore, it became clear that carcinogenic 
substances might be emitted from the EDM process too [Koelsch, 1994, N.N, 1995, N.N., 1994]. 
In risk evaluation, the advantage of using biological test systems next to chemical analysis, 
concerning air-samples (and chemical substances) is that they capture possible integral effects 
and bio-availability of the samples. For the toxicological evaluation they are a necessary 
completion of chemical analysis because the results of the test also contain the substance 
specific actions. These actions can not be estimated using solely chemical analysis. Genotoxic 
and mutagenic properties of specific samples can be evaluated. This has great advantages, 
regarding the fact that these effects do not have a linear dose-response relationship. No-
observed effect levels (NOEL) do simply not exist for concentrations substances that show 
these effects. This is also the reason why no MAC values are defined for carcinogenic 
substances. Instead, technical limit values (TRK) are used for evaluation.  
The DNA is the carrier of information for several morphological and biochemical properties of 
individual cells and therefore of the complete organism. This saved information has to be 
transferred from generation to generation, without losing some of the DNA’s integrity. This 
basically stable structure of the genome can be changed to a certain limit, for example during 
meiosis. Phenomena like that are known as homologue recombination (reciprocal 
recombination, for example gene conversion) or not-homologue recombination. Changes in the 
structure of the genome are mostly but not always harmful for the organism. 
The mutation can be caused by endogenous factors, like for example errors during DNA 
replication. Next to these, exogenous factors can cause mutations too. Examples of exogenous 
factors are; 
♦ Chemicals and naturally occurring substances like benzene, asbest, aflatoxine; 
♦ Physical radiation like UV radiation; 
♦ Viruses like Epstein-Barr-Virus (causes certain lymphoma and tumors in nasal area). 
 
During the past millions of years, strategies of defense have developed against a lot of 
xenobiotic influences in living organisms, from primitive one cell organisms to human beings. 
During the last century, the amount of new chemical substances (about 4 million) has increased 
enormously. Due to this quick increase in number of chemicals, living organisms were not 
always able to develop new strategies of defense to adapt to these new structures. 
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Damages can have acute toxic as well as chronic toxic effects. The latter means that damages 
only become effective long after exposure to the xenobiotic agent. Mutagenic effects belong to 
this group of chronic toxic effects. More and more testsystems are produced and used to 
investigate different mutagenic and genotoxic effects [Bingham, Riis et al, 1996, Rossi et al, 
1995]. 
Next to animal test systems and bacterial test systems (Ames-test), test systems in micro-titer 
measures have been developed. The advantages of such miniaturized systems are respectively 
their speed of throughput, high number of samples that can be tested and their relatively low-
costs. The end-point of mutagenicity and genotoxicity assays is different. The Ames-test, for 
example, measures the amount of mutations while the genotoxicity assay measures the 
activation of the system, responsible for DNA-repair. 
Until now, the amount of formation of possible carcinogenic substances like hydrocarbon 
mixtures or carbon dust (graphite or rust particles with adsorbed organic substances) has not 
yet been investigated. It is emphasized that the use of the limit values for diesel emissions can 
not simply be used because these emissions originate from burning processes. A carcinogenic 
effect could only be established for emissions from these kind of processes [BIA, 1995].  
For the evaluation of the genotoxic potential of aerosols, next to the chemical analytical tests, 
genotoxicity tests like the umu-C assay should be used [Oda et al, 1985]. This test-system 
completes the individual chemical results, because it covers the effects of unknown substances 
that can not be analyzed chemically, too. The umu-C assay is a genotoxicity test system using 
Salmonella typhimurium TA 1535/pSK1002 as a test organism. This strain contains the multi-
copy plasmodia pSK 1002, which is resistent for ampicillin and carries the umuC-lacZ fused 
product. The genetically alterned bacteria are exposed against potential genotoxic substances. 
In case of single stranded DNA, which appears mostly as a cause of genotoxic influences on 
the DNA, the SOS repair system, and subsequently the umuC-gene is activated. Because of its 
fusion with the lacZ-gene, ß-galactosidase will be produced after activation. The activity of ß-
galactosidase can be measured photometrically as a result of the transformation of o-nitro-
phenylgalactopyranosid into o-nitro-phenol (yellow color) and galactose. The color-formation is 
positively related to the genotoxic potential of the exposed substances. The test is executed 
using micro-titer plates according to ISO [ISO 13829, 2000] 
A great effort lies in the area of preparation of air-samples [Blome et al, 1990, KAN 15, 1997,]. 
1.4.3 Lack of information regarding risk evaluation in EDM 
Regarding the risk evaluation of the process of electrical discharge machining the following 
information has not been available at the beginning of this research project; 
♦ No investigations have been performed in the area of electrical discharge machining using 
high energies (high voltages, high currents); 
♦ Exposure monitoring regarding individual substances, especially newly formed substances, 
has not yet been performed, even though it is necessary for a decent estimation of 
hazardous potentials; 
♦ No results are available regarding the efficiency of filtration systems of aerosol- and gas-
emissions that arise during electrical discharge machining; 
♦ No results are available regarding chemical load and mutagenic properties of dielectric. 
 
Furthermore, it can be stated that the chemical investigations that have been performed so far 
do also show some deficiencies. Because of the fact that all investigations have been perforned 
in an industrial environment during manufacturing processes, no systematic variation in 
technical adjustments could be investigated with regard to their effect on emissions loads. Next 
to that, analyzing procedures were not specified (detection limits remain unknown), processing 
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adjustments were not always documented and only the sum-parameter ‘aliphatic substances’ 
has been determined (target analyses only for a few substances). 
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1.5 Objectives 
Development of a hazard valuating concept 
The main objective of this thesis is the establishment of an instrument for assessing exposure to 
hazardous substances of electrical discharge machining operators during the sinking process 
as it is used in manufacturing nowadays. This instrument has to provide means to decrease the 
hazards, first by estimating hazard modifications due to source related measures; second, by 
estimating these modifications due to end-of-pipe measures. Because of this comparing 
potential of different EDM settings/constructions with each other, this instrument is rather a 
hazard-valuating tool than a hazard-evaluating tool. For hazard evaluation more detailed 
information is needed, like exposure level and duration of machine-operators, etc. 
The establishment of a hygienic hazard-valuating concept will therefore provide opportunities to 
map the hazards of a specific EDM manufacturing process in an industrial plant, by using data 
from emission-based measurements as input. Once mapped, the health-risks for machine-
operators can be assessed under these specific conditions on the one hand. On the other hand, 
this hygienic hazard-valuating concept can be used to find these EDM settings that minimize the 
health-risks for machine-operators to the lowest achievable levels.  
Emission-based monitoring 
To reach the main objective, a set of data is needed that can be used to establish the above 
described concept. These data have to be monitored specifically for the EDM-process and for 
all the modifications introduced in this EDM-process. At the Laboratory for Machine Tools and 
Production Engineering (WZL) of the RWTH Aachen, an EDM installation is encased to capture 
all arising emissions and to avoid influences from neighboring activities. This encased EDM 
machine allows to take standardized and reproducible samples. 
The first sub-objective is directed to the laboratory methods and techniques that have to be 
optimized. Sampling techniques and –activities followed by the laboratory techniques and –
activities should produce a significant and valid data-set. 
The second sub-objective is focussed on the actual gathering of data, by measuring emissions. 
The influence of different EDM settings (modifications) on emissions is quantified. The following 
technical parameters are varied to map their influence on emissions; 
♦ Modifications in metal-pieces (two tools, three work-pieces); 
♦ Modifications in dielectric level (three different levels); 
♦ Modifications in EDM-current (four different currents). 
 
The characterization of these emissions will use chemical analysis as a main tool. This analysis 
will focus mainly on the quantification of individual substances, which are necessary for 
capturing the hazardous potential of the process. The toxicological potential of individual 
substances differs extremely. The substances that can be expected in the different 
compartments (air, dielectric and slurry) and to which the machine operators are exposed to are 
quantified. 
Next to chemical analysis, biological test-systems will be used to for the characterization of the 
emissions. An effect-parameter, rather than a structure-parameter (chemical characterization) 
offers the possibility to capture integral effects of mixtures of substances. The genotoxic 
potential of air-samples and the mutagenic effect of dielectric samples are the two biological 
effect parameters tested.  
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The last sub-objective of emission-based monitoring is focussed on the determination of the 
efficacy and efficiency of the air-filtration system, as used in industrial environments. 
At the end of the emission based monitorings phase, a set of data is present that will be 
translated in emission-estimation models for all relevant substances. These statistical models 
calculate emissions using specific EDM adjustments as input. and will be the pillar of the hazard 
valuating concept. 
Immission-based monitoring 
To complete the risk valuating concept, the emission-estimation model has to be implemented 
in an industrial real-life manufacturing environment. This will therefore form the main sub-
objective of the immission based monitoring part.  
The immission based monitoring is performed at the company Erotec AG in Mönchengladbach. 
The emission-estimation model is copied to an EDM installation that is actually used for 
manufacturing purposes. The EDM settings and chemical data (collected during immission 
based monitoring) will be used as input by which risk can be valuated. 
Next to this main sub-objective, another sub-objective exists. This sub-objective is directed to 
the practicability and handling advantages of all developed and optimized methods and 
techniques in industrial environments. The product of this objective is a recommendation 
concerning the items and activities necessary for performing a decent hygienic risk evaluation in 
a real-life manufacturing environment. 
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2 Materials and Methods 
2.1 Instruments 
2.1.1 Chemical analyses 
2.1.1.1 Gas chromatography-Mass spectrometry 
Table 2.1: Instrumental adjustments for analysis of aliphatic hydrocarbons and 
polycyclic aromatic hydrocarbons 
Injector: Gerstel KAS3 
Initial temperature 20°C 
Initial time 0.1 min. 
Ramp 1 10°C/s to 300°C, Hold time 2 min. 
Ramp 2 0.0 °C 
Software Gerstel Master, Version 1.55, Gerstel GmbH, Mulheim 1997 
Injection volume 40 µl (Splitless) 
Injection speed 50 µl/min. 
   
Gas Chromatograph: Hewlett Packard 5890  
Column RTX-5 SilMS, Restek, I = 30 m, i.d. (0.28 mm), film (2.5 µm) 
Temperature program 1 min. at 35°C 
 to 200°C with 15°C/min. 
 to 330°C with 5°C/min., 2 min. 
 
Mass Spectrometer: Hewlett Packard 5972 HP-MSD (Mass SelectiveDetector) 
MS Temperature 180°C 
Transferline 300°C 
Solvent delay 3 min. 
Scan per time unit 1.3 scans/sec. 
Mode Full scan, Mass range 50 – 400 (atomic mass units) 
Software Hewlett Packard Chemstation B.01.02, Copyright 1989 – 1999 HP Co. 
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2.1.1.2 Thermal desorption followed by Gas chromatography-Mass spectrometry  
Volatile substances, sampled on Tenax TATM containing tubes, are analyzed by thermal 
desorption and cold-trap injection followed by chromatographic separation and spectrometric 
determination of specific ions, which are characteristic for individual substances.  
Table 2.2: Instrumental adjustments for analysis of benzene, toluene, ethylene-benzene 
and xylene. 
Injector: ATD 400, Perkin Elmer 
Thermal desorption Purge and trap, Splitless 
Desorption temperature adsorption tube 260°C 
Desorption flow adsorption tube 60 ml/min. (Helium 5.0) 
Desorption time adsorption tube 10 min. 
Material cooling trap Tenax TA 
Temperature connection Injector-GC 40 µl (Splitless) 
Pressure column entrance & Injector 160 kPa (Helium 5.0) 
Temperature cooling trap -30°C 
Desorption temperature cooling trap 270°C 
Desorption flow cooling trap 100 ml/min (Helium 5.0) 
Desorption time cooling trap 3 min. 
   
Gas Chromatograph: Perkin Elmer Gas chromatograph 8500  
Column RTX-5, Restek Typ, I = 60 m, i.d. (0.25 mm), film (2.5 µm) 
Temperature program 8 min. at 40°C 
 to 160°C with 5°C/min., 0.1 min.  
 to 250°C with 10°C/min., 12.3 min. 
 to 265°C with 5°C/min., 0.8 min.  
 
Mass Spectrometer: FinniganMAT ITD 800 (Ion Trap Detector) 
MS Temperature 190°C 
Transferline 210°C 
Solvent delay 3 min. 
Scan per time unit 1 scans/sec. 
Mode Full scan, Mass range 48 – 249 (atomic mass units) 
Software Finnigan MAT ITD 800 Sotware 
 
2.1.1.3 Infrared spectrometry 
This technique is based on spectroscopic determination of CH-bonds from aliphatic substances. 
Mineral oils show four wave-numbers. The location of these waves is characteristic for all 
substances containing CH-, CH2-,and CH3-groups. This is also a disadvantage of this 
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technique; because of the fact that many other organic substances contain the above 
mentioned aliphatic CH-, CH2 and CH3-groups this leads to reduced specificity.  
Table 2.3: Instrumental adjustments for analysis of aliphatic hydrocarbons  
Instrument: Impact 400 Fourier Transformation infrared spectrometer, Nicolet 
Extinction range 2800 – 3000 cm-1 
Glass Quartz glass cuvet, 10 mm 
Volume measured 2 ml 
Software OMNIC 1.2 
Spectra addition 32 times 
Dots 2 cm-1 or 4 cm-1 
 
2.1.1.4 Atomic absorption spectroscopy 
For the determination of the heavy metals, nickel and chromium, a microwave acid pulping 
technique using mineral acids is applied. The acid pulping solvent is heated by the radiation 
from the microwave. This results in an oxidation of the sample. The acid pulping process takes 
place in special vessels. The prepared solved sample is subsequently sprayed on a electrically 
heated graphite bar and atomized. The atomized vapour is then shined upon using a cathodic 
lamp, which emits the atom specific spectrum. The measured extinction is linearly related to the 
concentration of the specific element in the atomized solvent (Lambert-Beerschen).  
Table 2.4: Instrumental adjustments for analysis of nickel and chromium. 
Microwave: Ethos with ATC, Rotor type HPR, Vessel type MPV 100 
Sample-vessel for acid pulping PTFE, HPV80 
Solvents 8 ml HNO3 (65%) + 1 ml H2O2 (30%) 
Program acid pulping, glass fiber filter 800 Watt, 4 min, 80°C 
 600 Watt, 10 min, 150°C 
 500 Watt, 10 min, 150°C 
 800 Watt, 6 min, 210°C 
 800 Watt, 10 min, 210°C 
 
Atomic adsorption spectrometer: Perkin Elmer 4100 ZL, Autosampler AS 70 
Atomization Graphite bar  
Wavelength Cromium / Nickel 357.9 / 232.0 
Slit Width Cromium / Nickel 0.7 / 0.2 
Signal type AA-BG 
Signal Measurement Peak Area 
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2.1.1.5 Ion chromatography 
The anionic substances, chlorite and nitrite, in a aqueous solvent are determined using fluid 
chromatography followed by conduction suppressive detection.  
Table 2.5: Instrumental adjustments for analysis of nitrite and chlorite. 
Injector: Automated sampler (Dionex GmbH, Idstein) 
Detector DS4  
Suppressor ASRS-II 4 mm 
Column Ion Pac AS 14 
Sample volume 2 ml 
Injection volume 25 µl 
Mobile phase 0.35 mmol/l Natriumcarbonate + 0.1 mmol/l Natriumhydrogencarbonate 
Mobile phase suppression Nitric oxide (500 mBar) 
Flow rate 1.2 ml/min. 
Software PeakNet 5.1 (Dionex GmbH, Idstein) 
2.1.2 Toxicity analysis; umu-C assay 
Table 2.6: Instrumental adjustments for the umu-C assay. 
Test organism 
Bacteria  Salmonella typhimurium TA 1535/pSK1002, cryo conserved 
Density for usage 340 – 350 FNU [DIN 38 404 C2 1990]  
 
Microtiter plate photometer: IEMS-Reader, Labsystems 
Adjustments enzyme-kinetic 
Temperature 37°C 
Filter 414 nm 
Measuring interval 1 min 
Frequency of shaking 1200 RPM 
Duration of shaking 50% 
Measuring time 30 min 
  
Optical density (one point measurement) 
Temperature Room temperature 
Filter 620 nm 
Frequency of shaking 1200 RPM 
Duration before measurement 10 min 
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2.2 Sampling 
2.2.1 Emission based monitoring 
Hardware: SKC 4L/min Personal air sampler (SKC-PAS), ALMEMO data logger (Temperature, humidity), Velocity 
meter (Testo 445, Testo GmbH & Co, Germany), stop watch, Pipettes 25ml, 1L, 500ml, 250ml Duran bottles.  
Adsorbers: Glass fiber filter GF10 (Schleicher & Schuell, Germany), Pre-packed thermal desorption tubes Tenax 
TATM 60/80 (Alltech, Supelco Inc., Bellefonte, USA), XAD-2TM (SKC, Germany).  
Solvents: Methanol p.a., Isopropanol-2 (Merck, Germany). 
2.2.1.1 Technical data 
EDM Installation 
Normally, the industrial used EDM machines are equipped with generators which can supply 
discharge currents up to approximately 100A. To investigate the emissions even at higher 
discharge energies, a high power EDM machine is used. This bridge type sinking EDM machine 
is equipped with a generator that is able to deliver average working currents up to 256A, or 
peak discharge currents of 393A, respectively. The machine is installed at the Laboratory for 
Machine Tools and Production Engineering at the RWTH Aachen (figure 2.1). 
 
Figure 2.1: overview photo EDM WZL 
Next to the the pulse duration and the duty factor, the optimum open circuit voltage ûi, the 
optimum set value gap voltage U and the optimum flushing conditions have been determined 
using average working currents of 128A and 256A. In figure 2.2 the optimum electrical and 
flushing parameters are given that have been determined in the technological tests. These 
parameters are used in the investigations of the emissions [Evertz et al., 2001]. 
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Table 2.7: Electrical and flushing parameters for ED machining used for emission based 
testing. 
Parameter Set-up 1 Set-up 2  
Average working current I [A] 128 256 
Peak dischrage current ie [A] 200 393 
Pulse duration ti [µs] 200 1600 
Pulse interval to [µs] 50 180 
Duty factor t 0.8 0.9 
Open circuit voltage ui [V] 200 200 
Set value gap voltage U [V] 35 35 
Pressure flushing pe [Bar] 1.5 1.5 
 
Encasement 
The working tank, filled with dielectric, is encased to avoid any influence of the surroundings, 
through other machine tools like grinding or milling machines. The encasement also ensures 
that the complete emissions into air can be collected and determined. The additional air is 
supplied through pipes from outside the working hall. The encased air flow is feeded through 
pipes to the sampling point and finally to the air filter system (AFS, figure 2.2) with the pump 
supported by the company Mahle. This pump is responsible for the air flow. The volume flow is 
adjustable between 50 up to 1350 m³/h.  
 
Figure 2.2 AFS Mahle 
The AFS is normally used in real-life industrial processes and consists of eight filtration units 
that can be specifically manufactured for different demands. During this project the units are 
made of folded coated glass fiber filter material, which enables aerosolic oil drops to be 
collected and separated from the main air-flow. The separated oil can be tapped from the lower 
part of the AFS.  
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Figure 2.3 Schematic overview of the complete encasement  
The construction of the encasement depends on the location of the sampling points. The 
German Standard VDI 2066 [VDI 2066, 1975] prescribes several aspects that should be taken 
into account in case of bypass air-sampling, in which a small air sample is taken from the main 
flow by a bypass mechanism. For the encased structure (figure 2.3 and figure 2.4) this means 
that our gas-sampling location (bypass sampling) is in a cross section which is build in a pipe, 
leading the main air stream. The supply and outlet pipe to this cross section are respectively 50 
centimeters and 3 meters. This meets the requirements of VDI 2066, which prescribes supply 
and outlet lengths of 42.3 centimeters (3 * 14.1 cm (diameter cross section)). The tool-
encasement is built in such a way that work pieces and tools are rapidly exchanged. Outside air 
is guided through four pipes, placed in the four corners to equalize strength of air flow, into the 
outer tool-encasement where it subsequently flows into the inner tool-encasement, taking the 
emitted air particles in its flow. The exhaust air flow is guided through one pipe to the AFS 
where aerosols are sampled. From this air filter system an outlet pipe (3.5 meters), consisting 
the gas-sampling location, leads the air into the working place. The diameters of all pipes equal 
14.1 centimeters to avoid kinetic flow differences. 
The outer tool-encasement is sunk into the dielectric to tighten the system. A mark on the outer 
encasement is aligned with the dielectric upper level. The resulting opening of 3.5 centimeters 
between the inner tool-encasement and the dielectric upper level equals the actual flow area of 
the upgoing airflow: 
A (area)upgoing flow   = π (14.1/2)2  = 156 cm2   
C (circumference)inner tool-encasement = 2 π (14.1/2)  = 44 cm 
Opening (inner-tool <-> dielectric)  = 156 cm2 / 44 cm = 3.5 cm 
Because of the equal diameters, a constant air velocity in all parts of the encasement will be 
guaranteed. The resulting prevention of air whirling in the pipes is necessary for valid and 
reproducible sampling and meets the requirements [VDI 4200, 1999, VDI 2457 1, 1997].  
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Figure 2.4 Actual encasement of the tool holder.  
Dielectric 
The actual monitored EDM process is carried out using the hydrocarbon dielectric BP 200T 
from company BP Schmierstoff GmbH, Hamburg, Germany. This dielectric stands out due to its 
high purity. The density ρ of the dielectric amounts to 765 kg/m³ at 15°C, the kinematic viscosity 
υ of 2.7 mm²/s enables good flushing conditions to be reached in roughing and finishing 
operations respectively. The boiling range (235°C up to 260°C) is very narrow due to the high 
refining of the oil. The dielectric BP 200T is recommended by the producer for both roughing 
and finishing. The EDM machine is modified in view of the dielectric filtering system. The newly 
developed filter system RMF 4.5 is based on reversible flow filter elements and was delivered 
by company FAUDI. This filter system is equally suitable for hydrocarbon and water-based 
dielectrics. The amount of dielectric can be considerably reduced as compared to the total 
amount of dielectric in the original filter system of the ED machine. So the detection limit of 
crack products of the dielectric is reached earlier. The filter system attains a filter transmittance 
for particles smaller than 3 microns, the maximum flow for filling the working tank amounts to 50 
l/min, the circulation during the ED maching is realized by 5 l/min [Evertz et al, 2001]. 
2.2.1.2 Aerosol; Glass fiber filter 
General 
Electrical discharge machining is a stochastic process. Actual removal of workpiece and 
subsequent correlated emission do not follow a linear pattern in time and therefore result in a 
randomly divided emission of substances in time and location (referred to the actual processing 
location). In practice this phenomena can be observed as arising smoke that continuously 
changes its location (see also figure 2.11). Because of the fact that the frequency of the EDM 
sparks, often varies and this will probably lead to altered emission loads, ‘sampling time’ is not a 
good parameter to use for standardization. The parameter ‘sinking depth’ however is a depend 
variable regarding the amount of EDM-sparks and is therefore an excellent parameter to use for 
standardization. A sampling method that uses total exhaust-air (to avoid location specific 
emissions) and ‘sinking depth’ as a standardization-reference rather than ‘sampling time’, 
controls the two main variables, respectively location and time. 
Aerosols are collected on a glass fiber filter which is built within the exhaust flow. Because of 
the absence of an homogeneous distribution of emissions, tests have been performed to locate 
specific points on the filter that have lowest intra- and inter-variability. Results of these tests are 
presented in the paragraphs describing the actual analyses. Filters, containing the emitted 
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aerosols are analyzed for aliphatic compounds, 16 EPA polycyclic aromatic hydrocarbons, 
nickel and chromium.  
Sampling 
Two glass fiber filters, diameter 30cm, are prepared and cut using a mask (see figure 2.12). The 
filters are marked by a small cut at the side. This mark is used for the subsequent preparation of 
the sampled filters and is a reference point for the way the filter is placed in the AFS before 
sampling. The filters are transported packed in aluminum foil.  
The aerosol sampling point is situated within the AFS. The new workpiece and new tool are 
fixed at the process location. The work tank is filled and the process is started. Before actual 
sampling starts the process itself has to be stabilized. If the frequency of pulse intervals reaches 
its maximum level and stays on this level without decreasing more than two intervals for 0.5 
minute the process is defined as being stable. A 90% stability is reached at a sinking depth of 
2.5 mm (initial sinking depth). After process stability, the process is stopped and the AFS is 
taken apart using a crane to make the aerosol sampling point visible and manageable. At first 
all eight coated glass fiber filters are removed. Next, the grills present in the AFS are cleaned 
using methanol. The filter is placed between the grills and the AFS is assembled again. The 
ALMEMO data logger is connected in the exhaust-pipe to continuously monitor temperature, 
humidity and pressure The velocity meter is mounted in the exhaust pipe and subsequently 
turned on. The working tank is filled with dielectric to a specific level L0 above the actual 
processing location (depending on the parameters tested), closing the air flow. The AFS is pre-
adjusted to 100 m3/hr and turned on. A measured end-velocity of 1.78 m/s has to be established 
by manually adjusting the AFS. A measured velocity of 1.78 m/s (at the exhaust pipe, diameter: 
14.1 cm) equals a total air flow of 100 m3/hour according to the following calculation: 
A (area)  = π (14.1/2)2 = 156 cm2  = 0.0156 m2.  
I (flow)  = 100 m3/hr   = 0.0278 m3/s 
V (velocity) = 0.0278 m3/s / 0.0156 m2  = 1.78 m/s 
The time needed to reach this velocity is called the stabilizing period and is set to 2 minutes. 
After 2 minutes the actual sampling starts. The first filter, the negative control, is sampled with 
the EDM process turned off. The filter is sampled for 10 minutes after which the AFS is turned 
off and disassembled. The filter is taken out the AFS and packed in aluminum foil. The grills are 
cleaned with methanol and the second filter is placed between them. The AFS is assembled, 
pre-adjusted to 100 m3/hr and started again. Velocity is adjusted to 1.78 m/s and at the end of 
the stabilizing period (2 minutes) the EDM process is started and run until a sinking depth of 2.6 
mm, referred to the initial sinking depth, is reached. The EDM installation respectively the AFS 
are shut down. The AFS is disassembled and the built out sampled filter is packed in aluminum 
foil and stored at 4°C for maximum 1 week.  
2.2.1.3 Gas; Tenax TATM 
General 
Gas sampling of benzene, toluene, ethylene-benzene and xylene (BTEX) is performed using a 
bypass mechanism. Air is taken from the main air flow using a second pump (SKC-PAS) and 
guided through tubes containing tenax TATM. These tubes have to be preconditioned. The 
maximum flow, that still allows 100 % adsorbance of the searched substances to this material is 
50 ml/min. Higher flow adjustments will cause break-through of the substances [Brown et al, 
1979, DIN 33 881, 1988, DIN EN 1076, 1997]. Isokinetic sampling is a precondition for 
quantification of samples that were taken using bypass mechanisms [VDI 2066, 1975]. Possible 
diluting or concentrating effects can be avoided during sampling. Isokinetic sampling means that 
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the velocity of the bypass flow should equal the main stream velocity. This can be achieved by 
adjusting both flow strengths. Given maximum flow for tenax TATM of 50 ml/min (regarding 
break-through of benzene), this would theoretically mean that our main stream flow has to be 
adjusted to 0.062 m3 /hr:  
A2 (area bypass pipe)   = π (4mm/2)2  = 0.0000126 m2.  
Imax2 (max flow second pump)  = 50 ml/min  = 0.00000083 m3/s 
Vbypass (max velocity second pump) = Imax2 / A2  = 0.066 m/s 
 
Vbypass = Vmain pipe 
 
A1 (area main pipe)   = π (14.1cm/2)2  = 0.0156 m2.  
Vmain pipe       = 0.066 m/s 
Imain pipe     = Vmain pipe * A1 = 0.062 m3/hr 
As mentioned before, the lowest adjustable flow at the AFS is 50 m3/hr. This means that no 
isokinetic samples can be taken and no subsequent reliable quantification can be achieved. 
Amounts of BTEX can however be estimated by introducing a dilution factor 800 (50 / 0.062) in 
the quantification formulas. 
Sampling 
All coated glass fiber units are placed back (to prevent aerosols polluting the adsorber, tenax 
TATM) and the AFS is assembled and pre-adjusted to 50 m3/hr. The resulting velocity has to be 
0.9 m/s:  
A (area)   = π (14.1/2)2    = 0.0156 m2.  
I (flow)   = 50 m3/hr    = 0.0139 m3/s 
V (velocity)  = 0.0139 m3/s / 0.0156 m2   = 0.9 m/s 
During the process this velocity will be kept constant by manually adjusting the AFS. The SKC-
PAS is adjusted to 50 ml/min using a bubble-adjusting installation. A pre-conditioned tenax TATM 
tube is placed in the bypass system. The work tank is filled with dielectric and the AFS is turned 
on. After the stabilizing period (2 minutes) the sampling starts and lasts 10 minutes. This is 
repeated two times using two other tenax TATM tubes (negative controls). For the actual 
sampling during electrical discharge machining another three tenax TATM tubes are placed in 
the bypass system. Before starting the SKC pump, the EDM process is started. The SKC-PAS 
is not adjusted to 10 minutes but is set to continuous operation. Sampling stops at a sinking 
depth of respectively 7.1 mm, 11.6 mm and 16.1 mm compared to the initial sinking depth. The 
time needed to reach these individual depths, together with temperature, humidity and pressure 
are saved in the SKC-PAS and manually documented for each measurement. The 6 sampled 
tenax TATM tubes are sealed with the teflon-coated caps and stored at room temperature until 
analysis for maximum 1 month. 
2.2.1.4 Gas: XAD-2TM 
General 
For sampling of gaseous aliphatic compounds the bypass mechanism is not used. To overcome 
the problems of break-through flows and subsequent unrealizable isokinetic sampling, total flow 
in the main air stream is sampled. At the same location as the bypass mechanism a sampling 
module has been built (figure 2.5).  
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Figure 2.5 Sampling module for XAD-2TM sampling 
This module contains a container with four equally divided parts. Each part can be individually 
filled with an adsorber. Once inserted in the module, total flow is sampled. XAD-2TM is used as 
the adsorber for the sampling of gaseous aliphatic hydrocarbons [Daignault et al, 1988, Breuer 
and Pfeiffer, 1989, BIA 1994]. 
Two containers can be placed in the module. This allows break-through flows to be examined 
by placing two identically filled containers directly behind each other. The maximum flow 
adjustment is the one that does not cause the end-container being 'polluted' with the searched 
substances. In our case an adjustment of the AFS to 50 m3/hr showed no break-through of 
gaseous aliphatic compounds. For this purpose, XAD-2TM  is sampled and tested using 
extraction and analysis procedures as described later in this chapter. Analyzed XAD-2TM of the 
container placed in second position showed no statistically significant difference compared to a 
negative control. Higher flows could not be tested as a results of high flow-resistance, caused 
by the XAD-2TM filled container.  
Sampling 
Two compartments of two containers are filled with pre-conditioned XAD-2TM using a glass 
funnel. The containers are weighed on a laboratory balance before and after filling. The other 
compartments are then sealed with tape and transported to the sampling location packed in 
aluminum foil. The first container is placed in the module. The AFS is pre-adjusted to 50 m3/hr 
and turned on. As calculated earlier, the resulting velocity has to be manually adjusted to 0.9 
m/s. Two minutes after starting the AFS the actual sampling (with EDM processing turned off) 
starts. After 10 minutes the AFS is turned off, the container is taken out and packed in 
aluminum foil. Next, the second container is placed in the module and the AFS is turned on 
again. After 2 minutes, the EDM process is started. The sampling ends at the time a sinking 
depth of 20.6 mm, compared to the initial sinking depth, is reached. The time needed to reach 
the mentioned sinking depth is documented. Temperature, humidity and pressure are manually 
documented. The EDM process and AFS are turned off. The second container is taken out and 
packed in aluminum foil. The XAD-2TM is stored at 4°C for maximum 1 week. 
2.2.1.5 Dielectric and slurry 
At the end of air sampling procedures, the dielectric is sampled using a pentane-acetone (2:1) 
cleaned glass bottle connected to a tentacle. At the sampling position (figure 2.5) the bottle is 
immersed in the dielectric until about 1 liter is collected. The bottle is closed with a teflon coated 
cap. The dielectric is stored in the dark at 4°C. Storage time is maximum 1 year. 
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The work tank containing the remaining dielectric is emptied. The slurry, at the bottom of the 
tank is collected using a steel spoon (about 200 gr.). It is stored in 50 ml glass bottles in the 
dark at 4°C for maximum 1 year. 
2.2.1.6 Schedule 
The monitoring at the Laboratory for Machine Tools and Production Engineering at the RWTH 
Aachen is performed in the period between February and August 2001. Table 2.8 shows the 
work plan that is executed during this period.  
Tabel 2.8: Different EDM adjustable parameters sampled during period 01.02.2001 – 
01.09.2001 
Test EDM Dielectric Work Work  
Number current (A) level (mm) tool piece Samples 
1 128  60  R8500 X3NiCoMoTi 18 9 5 Air: A, G-T, G-X / Dielectric / Slurry 
2 128 60 R8340 X3NiCoMoTi 18 9 5 Air: A, G-T, G-X 
3 128 60 R8500 56NiCrMoV 7 Air: A, G-T, G-X 
4 128 60 R8340 56NiCrMoV 7 Air: A, G-T, G-X 
5 128 60 R8500 1-2316 X36CrMo17 Air: A, G-T, G-X 
6 128 60 R8340 1-2316 X36CrMo17 Air: A, G-T, G-X 
7 128 90 R8340 1-2316 X36CrMo17 Air: A, G-T 
8 128 35 R8340 1-2316 X36CrMo17 Air: A, G-T 
9 32 35 R8340 1-2316 X36CrMo17 Air: A, G-T / Dielectric / Slurry 
10 64 35 R8340 1-2316 X36CrMo17 Air: A, G-T 
11 192 35 R8340 1-2316 X36CrMo17 Air: A, G-T / Dielectric / Slurry 
A: Aerosol sampling using glass fiber filters, G-T: Gas sampling using Tenax, G-X: Gas sampling using 
XAD-2TM. All adjusted parameters are sampled three times, on three different days.  
In figure 2.6 the collected air-samples are reflected as they appear in a praxis like situation. 
 
Figure 2.6 Air samples collected during emission based monitoring: XAD-2tm, Tenax TAtm, Filter. 
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2.2.2 Immission based monitoring 
Hardware: SKC 4L/min Personal Air Sampler (SKC-PAS), GGP Sampling system (BIA, Germany), ALMEMO Data 
Logger (Temperature, humidity), Stop watch, Pipettes 25 ml.  
Adsorbers: Glass fiber filter GF10 37 mm diameter (Schleicher & Schuell, Germany), XAD-2TM (SKC, Germany), Pre-
packed thermal desorption tubes Tenax TATM 60/80 (Alltech, Supelco Inc., Bellefonte, USA). 
Solvents: Methanol p.a., Isopropanol-2 (Merck, Germany). 
2.2.2.1 Industrial environment 
For the final implementation of the developed and optimized methods samples are taken in an 
industrial environment. Immission based monitoring, which is the standard technique in risk 
assessment, is performed at Erotec AG, a partner in this project. The results of this immission 
based monitoring will link the results from emission based monitoring to a routine risk 
calculation model. 
The company Erotec AG (Mönchengladbach) produces EDM machines and also supplies 
maintenance support. Next to these activities the company uses EDM for metalworking 
processes too. All these activities are brought together in one working place.  
Within the framework of this project, there have been two measurements at Erotec AG. The first 
measurement has been executed at the former working hall at 06.09.2000. The second 
measurement has been executed at the new working hall at 29.09.2001. During each 
measurement one EDM installation is sampled in normal operation. Two sampling points are 
selected; one directly above the process, the other in the breathing zone of the EDM operator. 
During electrical discharge machining an air filtration system is used to create a praxis-like 
situation. The following figures show an schematic overview of the former working place with 
sampling points, an overview of the new working place and the EDM installation with sampling 
points in this new working place respectively.  
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Figure 2.7 Overview working hall Erotec AG, first measurement (measures in metres) 
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Figure 2.8 New working hall Erotec AG, second measurement 
 
 
Figure 2.9 EDM installation  
Table 2.9 shows the adjustments at the EDM installation during both measurements. 
Table 2.9: Parameter adjustments during immission based monitoring 
Parameters Adjustments first measurement Adjustments second measurement 
Worktool EDM 3 Graphite R8340 
Workpiece 2179 Steel 1-2316 X36CrMo17 
Current 45 A 64 A 
Dielectric  Ionoplus IME MH Oel Held 
Dielectric level 80 mm 60 mm 
Air Filtration system Present Present 
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The second measurement, the same electrodes as used during the latter part of the emission 
based monitoring, are built in. Further on dielectric level is adjusted to 60mm above the process 
location. Table 2.2 summarizes the different parameters. 
2.2.2.2 Aerosol; Glass fiber filter, XAD-2TM 
General 
Air sampling is carried out using the so called GGP-system (total gas and aerosol sampling) 
developed by BIA, the Institute of Industrial Safety of the German Federation of Institutions for 
Statutory Insurance and Prevention. A small glass fiber filter (diameter 37 mm) as well as a 
container packed with an adsorber can be placed in this system (figure 2.10). Air can be 
sampled through this GGP system by connecting the personal air sampler (SKC). The aerosols 
will attach to the filter, the gaseous substances will attach to the adsorber [BIA, 1995, BIA, 
1982, Breuer and Pfeiffer, 1989].  
 
Figure 2.10. Air sampling system (GGP) developed by BIA [Evertz et al, 2
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placed on the computer that manages the EDM process. Under normal conditions the machine 
operator is in this area. The sampling units are placed in the breathing zone of the operator.  
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2.2.2.4 Dielectric  
Just like the dielectric sampling part in emission based monitoring, the dielectric is sampled 
using a pentane-acetone (2:1) cleaned glass bottle connected to a tentacle at the end of air 
sampling procedures. The bottle is immersed in the dielectric near the EDM processing location 
until about 1 liter is collected. The bottle is closed with a teflon coated cap. The dielectric is 
stored in the dark at 4°C. Storage time is maximum 1 year. 
2.3 Chemical analyses 
2.3.1 Analysis of aliphatic hydrocarbons and gravimetric determination in air  
Hardware: Ultrasonic device, Waterbath with shaker (37°C), Bakerbond glass tubes, Corkborer 18mm, Headspace 
vials & teflon coated caps, (22 ml), Vials brown (2 ml), Glass fiber filter GF10 37 mm diameter (Schleicher & Schuell, 
Germany), XAD-2TM (SKC, Germany).  
Solvents: Methanol p.a., Isopropanol-2 (Merck, Germany), Cyclohexane p.a. (Merck Germany), 
Tetrachlorotrifluorethane (Merck Germany), BP200T (WZL, Technical Ujniversity of Aachen). 
2.3.1.1 General 
The glass fiber filters collected during emission as well as immission based monitoring are 
extracted as described later. The extracts are analyzed using two analyzing techniques; gas-
chromatography followed by mass spectrometry (GC/MS) and infrared spectroscopy (IR).  
GC/MS requires the extract to be injected on a column. After separation of the sample, the 
components are ionized to obtain mass spectra of each peak. A mass spectrometer detector is 
a reliable tool for identification of compounds. The individual compounds are ionized in a stream 
of electrons. By this technique, compounds are fragmented into varying ion numbers with 
different mass-to-charge (m/z) ratios, finally presenting a mass spectrum for every compound 
that can be interpreted for information about the structure of the substance.  
IR is the standard technique used so far for determining aliphatic compounds in extracts. It is 
based on an infrared spectroscopic determination of CH-valence variations of aliphatic 
compounds. Lubricants and mineral oils do have four bonds (2956 cm-1, 2927 cm-1, 2872 cm-1, 
2857 cm-1). The position of the bonds is characteristic for all compounds that possess CH-, CH2-
, and CH3- groups. This directly shows the disadvantage of this technique; its lack of specificity 
for dielectrica, because of the fact that a lot of organic compounds also possess the above 
mentioned groups. The extracts are directly placed in a cuvet and the adsorbance in the area 
2800-3000 cm-1 is measured. 
2.3.1.2 Emission based monitoring 
Aerosol samples 
GC/MS preparation and gravimetric aerosol determination  
For analysis of aliphatic hydrocarbons using gas chromatography followed by mass 
spectroscopy (GC/MS), during emission based monitoring, six filter-pieces (diameter 18mm) are 
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punched out of both glass fiber filters (sample and negative control) using the mask (figure 
2.12).  
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Figure 2.12 Schematic overview  and photo mask 
For the exact placement the mark on the filter corresponds with the mark on the mask. The 12 
punched filter pieces are weighed and put in 12 headspace vials (22 ml). Cyclohexane (5 ml) is 
added to each filter and the vials are closed with teflon coated caps. After shaking in a 37°C 
water bath (1 hr) and sonification (1 hr) the extracts are filtrated using teflon filters. The extracts 
are filled to 5 ml and diluted 50 times for GC/MS analysis. 
The remaining filters are stored until they are dry, and are weighed again. The difference 
between the weight before and after extraction is defined as cyclohexane extractable matter 
and reflects the gravimetric determination of aerosols in air [DIN 38 409 H18, 1981, DIN EN 
482, 1994]. 
IR preparation 
For analysis of aliphatic hydrocarbons using infrared spectroscopy (IR), during emission based 
monitoring, six filter-pieces, that are directly located next to the six filter pieces for GC/MS 
aliphatic hydrocarbon analysis, are punched out of both glass fiber filters (sample and negative 
control) using the mask. For the exact placement the mark on the filter corresponds with the 
mark on the mask. The 12 punched filter pieces are put in 12 headspace vials (22 ml). 
Tetrachlorotrifluorethane (TCTF), 5 ml, is added to the filters and followed by shaking in a 37°C 
water bath (1 hr) and sonification (1 hr). The extracts are filtrated using teflon filters. The 
extracts are filled to 5 ml and diluted 10 times with TCTF for IR analysis [DFG, 1996, BIA 
Arbeitsmappe 10 Lfg IV/93, 1993] 
Gas samples 
GC/MS preparation 
The XAD-2 TM is taken out of both containers (sample and negative control) and put together. 
After mixing up, XAD-2 TM is weighed (3 gr.) and put in a headspace vial. Six parallel samples 
and six parallel control vials are prepared like this. Cyclohexane (10 ml) is added to each vial 
and the afterwards the vials are closed with teflon coated caps. After shaking in a 37°C water 
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bath (1 hr) and sonification (1 hr) the extracts are filtrated using teflon filters. The extracts are 
filled to 10 ml and diluted 400 times with cyclohexane for GC/MS analysis. 
IR preparation 
The mixed up XAD-2 TM, see last paragraph, is weighed (3 gr.) and put in a headspace vial. Six 
parallel samples and six parallel control vials are again prepared like this. 
Tetrachlorotrifluorethane (TCTF, 10 ml) is added to each vial and the afterwards the vials are 
closed with teflon coated caps. After shaking in a 37°C water bath (1 hr) and sonification (1 hr) 
the extracts are filtrated using teflon filters. The extracts are filled to 10 ml and diluted 400 times 
with TCTF for IR analysis [DFG, 1996, BIA Arbeitsmappe 10 Lfg IV/93, 1993]. 
Analysis and quantitative determination 
GC/MS 
For quantitative determination a dilution series based on BP 200T, with cyclohexane as a 
solvent, is prepared. The end concentrations are 2, 4, 6, 8 and 10 µg/ml cyclohexane. For the 
actual analysis the samples are analyzed in the following order: calibration series, negative 
control filter extracts, negative control XAD-2TM extracts, sampled filter extracts, sampled XAD-
2TM extracts. After each 10th analyzed sample, an internal standard is measured to control the 
variability of the analysis itself. This internal standard is actually one concentration from the 
calibration dilution series (4 µg BP200/ml).  
At the end of GC/MS analysis, each chromatogram is evaluated for presence of aliphatic 
hydrocarbons. This is done by selecting only those peaks containing ion 57 (typical break for 
aliphatic hydrocarbons). The resulting peaks are integrated and expressed as total ion count 
(TIC). Using the calibration series, the samples as well as the negative controls are quantified. 
The obtained quantities (Qc, µg) are subsequently calculated backwards to estimate the quantity 
of aliphatic hydrocarbons that is emitted from the EDM process per time period (µg/min). The 
following calculation is used for filter samples: 
Qc (quantity calculated * Fd (Dilution factor for analysis) * Ve (extracting volume) * (Ag (area 
glass fiber filter) / Ap (area punched filter piece))) / Ts (time sampled, min) = Q / min (quantity, 
µg, per min) 
For XAD-2TM samples the following calculation is used: 
Qc (quantity calculated * Fd (Dilution factor for analysis) * Ve (extracting volume) * (Ws (weight 
XAD-2TM in sampling unit) / Wa (weight XAD-2TM used for analysis) ))) / Ts (time sampled, min) 
= Q / min (quantity, µg, per min) 
The resulting amount is expressed as quantity per time period and has the major advantage 
that it can be used as input in several modeling scenarios where room-volumes, ventilation 
rates and other not-EDM related parameters can be varied and related to specific EDM process 
times. 
IR 
For quantitative determination a dilution series based on BP 200T, with tetrachlorotrifluorethane 
as a solvent, is prepared. The end concentrations are 2, 4, 6, 8 and 10 µg/ml 
tetrachlorotrifluorethane. For the actual analysis the samples are analyzed in the following 
order: calibration series, negative control filter extracts, negative control XAD-2TM extracts, 
sampled filter extracts, sampled XAD-2TM extracts.  
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IR analysis measures the extinction in the area 2800 – 3000 cm-1. Using the calibration series, 
the samples as well as the negative controls are quantified. The obtained quantities (Qc, µg) are 
subsequently calculated backwards to estimate the quantity of aliphatic hydrocarbons that is 
emitted from the EDM process per time period (µg/min). The formulas used for this backward-
calculation are the same as used for GC/MS quantitative determination. The resulting amount is 
also expressed as quantity per time period [BIA report 3, 1982]. 
2.3.1.3 Immission based monitoring 
Aerosol samples 
GC/MS preparation and gravimetric aerosol determination 
Three sampled filter-pieces per sampling point are gathered. Three clean filters are taken as 
negative controls. All 9 filters are weighed and put in 9 separate 22ml headspace vials or 100ml 
bottles with teflon coated caps for respectively the samples collected during the first and the 
second measurement. Cyclohexane (1ml resp. 5 ml for 1st or 2nd measurement) is added to 
each filter and the bottles are closed. After shaking in a 37°C water bath (1 hr) and sonification 
(1 hr) the extracts are filtrated using teflon filters in bakerbond glass tubes. The extracts are 
filled to 1 ml resp. 5 ml and diluted 10 times for GC/MS analysis. 
The remaining filters are stored until they are dry, and are weighed again. The difference 
between the weight before and after extraction is defined as cyclohexane extractable matter 
and reflects the gravimetric determination of aerosols in air [DIN 38 409 H18, 1981, DIN EN 
482, 1994]. 
IR: preparation 
Three sampled filter pieces per sampling point are gathered. Three clean filters are taken as 
negative controls. All 9 filters are put in 9 separate 22ml headspace vials or 100ml bottles with 
teflon coated caps for respectively the samples collected during the first and the second 
measurement. Tetrachlorotrifluorethane (1 ml resp. 4 ml) is added to each filter and the bottles 
are closed. After shaking in a 37°C water bath (1 hr) and sonification (1 hr) the extracts are 
filtrated using teflon filters in bakerbond glass tubes. The extracts are filled to 1 ml resp. 4 ml for 
IR analysis [DFG, 1996, BIA Arbeitsmappe 10 Lfg IV/93, 1993]. 
Gas samples 
GC/MS preparation 
Gas samples taken during the first Erotec AG measurement are prepared as follows. The 
sampled XAD-2TM is collected in  headspace vials (22ml) and weighed. Next to the sampled 
XAD-2TM, three vials are filled with clean XAD-2TM. All vials are filled with 10ml cyclohexane and 
closed with teflon coated caps. After shaking in a 37°C water bath (1 hr) and sonification (1 hr) 
the extracts are filtrated using teflon filters in bakerbond glass tubes. The extracts are filled to 
10 ml and diluted 50 times for GC/MS analysis. 
IR preparation 
Only gas samples taken during the first Erotec AG measurement are prepared as follows. The 
sampled XAD-2TM is collected in  headspace vials (22ml) and weighed. Next to the sampled 
XAD-2TM, three vials are filled with clean XAD-2TM. All vials are filled with 10ml 
tetrachlorotrifluorethane and closed with teflon coated caps. After shaking in a 37°C water bath 
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(1 hr) and sonification (1 hr) the extracts are filtrated using teflon filters in bakerbond glass 
tubes. The extracts are filled to 10 ml for IR analysis[DFG, 1996, BIA Arbeitsmappe 10 Lfg 
IV/93, 1993]. 
Analysis and quantitative determination 
GC/MS 
For quantitative determination a dilution series based on the dielectric used, with cyclohexane 
as a solvent, is prepared. The end concentrations are 2, 4, 6, 8 and 10 µg/ml cyclohexane. For 
the actual analysis the samples are analyzed in the following order: calibration series, negative 
control filter extracts, negative control filter extracts, sampled filter extracts. After each 10th 
analyzed sample, an internal standard is measured to control the variability of the analysis itself. 
This internal standard is actually one concentration from the calibration dilution series (4 µg 
BP200/ml).  
At the end of GC/MS analysis, each chromatogram is evaluated for presence of aliphatic 
hydrocarbons. This is done by selecting only those peaks containing ion 57 (typical break for 
aliphatic hydrocarbons). The resulting peaks are integrated and expressed as total ion count 
(TIC). Using the calibration series, the samples as well as the negative controls are quantified. 
The obtained quantities (Qc, µg) are subsequently calculated backwards to estimate the quantity 
of aliphatic hydrocarbons that is emitted from the EDM process per time period (µg/min). The 
following calculation is used for filter samples: 
Qc (quantity calculated * Fd (Dilution factor for analysis) * Ve (extracting volume)) / Va (sampled 
air volume, m3) = Q / m3 (quantity, mg, per m3) 
The resulting amount is expressed as quantity per m3 of sampled air. The advantage of this 
method is that the results can directly be compared with existing limit values. 
IR 
For quantitative determination a dilution series based on the dielectric used, with 
tetrachlorotrifluorethane as a solvent, is prepared. The end concentrations are 2, 4, 6, 8 and 10 
µg/ml tetrachlorotrifluorethane. For the actual analysis the samples are analyzed in the following 
order: calibration series, negative control filter extracts, negative control filter extracts, sampled 
filter extracts.  
IR analysis measures the extinction in the area 2800 – 3000 cm-1. Using the calibration series, 
the samples as well as the negative controls are quantified. The obtained quantities (Qc, µg) are 
subsequently calculated backwards to estimate the quantity of aliphatic hydrocarbons that is 
emitted from the EDM process per volume of sampled air (mg/m3). The formulas used for this 
backward-calculation are the same as used for GC/MS quantitative determination (in immission 
based monitoring). The resulting amount is also expressed as quantity per volume of sampled 
air [BIA report 3, 1982]. 
2.3.2 Analysis of Benzene, Toluene, Ethylene-benzene and Xylene in air 
Hardware: Calibration station, Pre-packed thermal desorption tubes Tenax TATM 60/80 (Alltech, Supelco Inc., 
Bellefonte, USA, Pipettes (10ml), Headspace vials with teflon coated caps (22 ml), Glass syringe (100, 500 and 1000 
µl, Hamilton). 
Standards & Solvents: BTEX standard(2000 µg/ml) solved in Methanol (Merck Germany), Methanol p.a. (Merck, 
Germany). 
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2.3.2.1 General 
Thermal desorption followed by GC/MS is the technique used. In thermal desorption of volatile 
compounds, the molecules trapped on the adsorber tubes (Tenax TATM) are desorbed by 
heating in a desorption oven in a stream of carrier gas. The compounds desorbed from the 
sampling tube are then reconcentrated in a cold trap to obtain small and distinct peaks. The 
cold trap usually consists of a tube packed with a small amount of adsorbent (ATD 400, Perkin 
Elmer), designed for rapid heating and thus producing a limited band when injected. Finally the 
carrier gas takes these concentrated compounds to the column of the gas chromatograph and 
subsequently to the mass spectrometer. This functionality is the same as has been described in 
paragraph 1.3.1.1. [EN ISO 16017-1, 1998]. 
2.3.2.2 Emission / Immission based monitoring 
Analysis and quantitative determination  
The sampled tubes from emission based monitoring as well as immission based monitoring are 
detached from their caps and placed in the tube holder of the Automatic Thermo Desorption 
(ATD) system, which is connected with the GC/MS system. The samples are injected by thermal 
desorption and cold-trap injection. During mass-spectrometric analysis, scan intervals below 
masses of 49 are discarded to avoid disturbances from oxygen, carbon dioxide and water. 
The four substances; benzene, toluene, ethylene benzene and xylene are characterized by their 
retention times, total ion count and defined mass spectra. By comparing m/z ratios and 
intensities of the signals from the different fragments of a substance, peaks can be qualitatively 
identified by comparison to spectra stored in a computer based library. Once qualitatively 
analyzed, a quantitative analysis is performed by using a calibration curve corrected for the so-
called response factor. To calculate this factor, a tube containing known concentrations of the 
substances is analyzed together with the sample-tubes. By comparing this internal standard 
with the responding concentration of the calibration curve, the response factor is retrieved. For 
this reason a series of tubes is generated containing 15 ng of the four substances, benzene, 
toluene, ethylenebenzene and xylene. This requires a calibration gas that is produced on a 
calibration station. By sampling this gas on different Tenax TATM filled tubes over a specific time 
period the amount of substances sampled can be controlled arbitrary. By this means it is not 
necessary to measure a calibration series during all analyses. 
Preparation calibration gas 
A calibration gas is prepared containing known concentrations of specific substances. A 
standard solution containing 2000 µg/ml methanol of each of the following substances; 
benzene, toluene, ethylenebenzene and xylene (BTEX) is used. This solution is diluted 8 times 
using methanol p.a. to establish a concentration of 250 µg/ml for each substance. This end-
solution is used to prepare a concentration in gas of 100 µg/m3 using a calibration station. Table 
2 shows the settings of this station. 
Table 2.10: Calibration station: settings 
Parameters Settings 
Injection volume 120 µl / h 
Flow 5 slm (standard liters / min) 
Temperature tube 20.0 °C 
Standard volume-flow 100 sccm (standard cm3 / min) 
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After the injection has started the gas-phase will be homogeneous after 1 hour. Two SKC-PAS 
instruments are adjusted to 10 ml/min. Samples are taken from the gas phase on pre 
conditioned Tenax TATM tubes during specific time spans. In this way the amount of substances 
in the tubes is controlled and an external (calibration series) and internal (response factor 
calculation) standard series is prepared. Table 2.4 shows the different sampling time spans and 
the corresponding amounts that are collected on the Tenax TATM tubes. The amounts will be 
equal for all 4 substances. 
Table 2.11: Calibration station: external standard (calibration series) 
Sampled time (min) Amount collected (ng) 
2.5  2.5 
7.5 7.5 
15 15 
22.5 22.5 
30 30 
37.5 37.5 
All concentrations are sampled in triplo. The corresponding regression formula parameters 
‘a’ and ‘b’ (y = ax + b) and R2 values after analysis (Thermo desorption followed by GC/MS) 
of the linear regression curve (calibration curve) are resp. Benzene: 3927.2 (a), -1654.2 (b) 
, 0.9964 (R2), Toluene: 4030.6 (a), 1539 (b), 0.9937 (R2), Ethylenebenzene: 2649.5 (a), 
95.3 (b), 0.9966 (R2), Xylene: 4399.9 (a), -1086.5 (b), 0.9975 (R2). 
For the preparation of the internal standard, samples are taken for 15 minutes which 
corresponds with an amount of 15 ng for each substance on each Tenax TATM tube.  
Quantification 
For quantitative determination the prepared calibration series is used for all analyses. For each 
individual analysis the values of the series are corrected using a response factor (internal 
standard). This internal standard has to means; the first is its use as response factor correction, 
the second is the use for controlling the variability of the analysis itself, caused by daily 
instrumental operation. For the actual analysis the samples are analyzed in the following order: 
empty tube, clean tube, internal standard 1, negative control tubes, sampled tubes, internal 
standard 2. 
At the end of GC/MS analysis, each chromatogram is evaluated for presence of the specific 
substance. This is done by selecting only those peaks appearing at retention time (Rt) 5.5 min 
and containing ion 78 (benzene), Rt 9.5 min and containing ion 91 (toluene), Rt 14.45 and 
containing ion 91 (ethylenebenzene), Rt 15.1 and containing ion 91 (xylene). The resulting 
peaks are integrated and expressed as total ion count (TIC).  
After integration, the two internal standards are compared. If the values differ for more then 10% 
the values of the control and sample tubes are corrected linearly. For the calculation of the 
response factor for each substance individually, the mean of both values is divided with the 
corresponding value in the calibration curve.  
Using the calibration series, the samples as well as the negative controls are quantified. The 
obtained quantities (Qc, µg) are subsequently calculated backwards to estimate the quantity of 
BTEX that is emitted from the EDM process per time period (ng/min). The following calculation 
is used for the samples from emission based monitoring: 
(((Qc (quantity calculated / Rf (Response factor)) * 800 (dilution factor, see paragraph “1.2.1.3 
General))* (Vm (Volume air flow during sampling in Mahle AFS) / Vs (Volume sampled in GGP 
system))) / Ts (Time sampled, min) = Q / min (quantity, ng, per min) 
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The resulting amount is expressed as quantity per time period of EDM processing. The 
advantage of this expression-unit has been mentioned earlier. 
For the samples from immission based monitoring the following calculation is used: 
Qc (quantity calculated) / Va (sampled air volume, m3) = Q / m3 (quantity, mg, per m3) 
2.3.3 Analysis of Polycyclic Aromatic Hydrocarbons in air 
Hardware: Rotavapor device, Ultrasonic device, Waterbath, Cork borer (58 mm), Glass bottles (100, 250 ml), Teflon 
coated closures, Pipettes (10, 25 ml), Pipettes (Pasteur), Brown vials (2 ml), Headspace vials with teflon coated caps 
(22 ml), Glass fiber filter GF10 (Schleicher & Schuell, Germany), Glass syringe (100, 500 and 1000 µl, Hamilton). 
Standards & Solvents: EPA PAH standard(2000 µg/ml) solved in dichloromethane (Merck Germany), Methanol p.a., 
Isopropanol-2, Cyclohexane p.a. DMSO, NaCl (Merck, Germany). 
2.3.3.1 General 
Glass fiber filters collected during emission as well as immission based monitoring are 
extracted. The extracts are separated using the so-called IP346 method and subsequently 
concentrated using a rotavapor (described later). The remaining extract is injected on the 
column where it is separated (GC). The following mass spectroscopic analysis is equal to the 
MS analysis of aliphatic compounds, described earlier.  
2.3.3.2 Emission based monitoring: preparation 
For analysis of PAH’s using gas chromatography followed by mass spectroscopy (GC/MS), 
during emission based monitoring, four filter-pieces (58 mm) are punched out of both glass fiber 
filters (sample and negative control) using the mask (figure 2.12). For the exact placement the 
mark on the filter corresponds with the mark on the mask. The 8 punched filter pieces are 
weighed and put in 8 glass bottles with teflon closure (250 ml). The following steps are mainly 
copied from the IP346 method and optimized for the goals of this project. The IP346 method 
separates the oily phase from the PAH containing phase. The method itself is developed in 
England [IP346/92, 1998].  
Cyclohexane (30 ml) is added to each filter and the vials are closed with teflon coated caps. 
After shaking in a 37°C water bath (1 hr) and sonification (1 hr) 30 ml pre-equilibrated DMSO 
(DMSO saturated with 4% NaCl) is added to the extracts. The combined phases are mixed by 
handshaking (100 times up and down stroke). The lower DMSO phase (A) is collected. 30 ml of 
pre-equilibrated DMSO is added to the upper phase. The phases are mixed (100 times up and 
down strokes) and the lower phase is collected and added to the first collected DMSO phase A. 
100ml NaCl (4%) is added to the DMSO extract together with 20 ml Cyclohexane. Mix the 
combined phase for 2 minutes. Open the bottle frequently because of heat production. Collect 
upper phase (± 20ml cyclohexane).  
Combine the four sample extracts and negative control extracts resp. and let filters evaporate to 
dryness (weigh filters when dry). The two combined extracts (sample and control) are 
evaporated using a rotavapor to approximately 1 ml. The remaining volume is evaporated to 
500 µl by nitrogen evaporation. 250 µl of this extract is used for GC/MS analysis. Before 
analysis two dilutions (1:10 and 1:100) are prepared. Both dilutions are analyzed. 
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2.3.3.3 Immission based monitoring: preparation 
For analysis of PAH’s using gas chromatography followed by mass spectroscopy (GC/MS), 
during immission based monitoring, three sampled filter-pieces (37 mm), and three control filter-
pieces are weighed and put in glass bottles with teflon closure (100 ml). As in the last 
paragraph, the following steps are mainly copied from the IP346 method [IP346/92, 1998].  
Cyclohexane (10 ml) is added to each filter and the vials are closed with teflon coated caps. 
After shaking in a 37°C water bath (1 hr) and sonification (1 hr) 10 ml pre-equilibrated DMSO is 
added to the extracts. The combined phases are mixed by handshaking (100 times up and 
down stroke). The lower DMSO phase (A) is collected. 10 ml of pre-equilibrated DMSO is added 
to the upper phase. The phases are mixed (100 times up and down strokes) and the lower 
phase is collected and added to the first collected DMSO phase A. 40ml NaCl (4%) is added to 
the DMSO extract together with 10 ml Cyclohexane. Mix the combined phase for 2 minutes. 
Open the bottle frequently because of heat production. Collect upper phase (± 10ml 
cyclohexane).  
Combine the three sample extracts and negative control extracts resp. and let filters evaporate 
to dryness (weigh filters when dry). The two combined extracts (sample and control) are 
evaporated to 500 µl by evaporation under a nitrogenous air-flow.  
2.3.3.4 Analysis and quantitative determination 
For quantitative determination a dilution series is prepared using a stock solution of a PAH mix 
solved in methylene chloride containing the 16 EPA PAH in a concentration of 2000 µg/ml. The 
end concentrations are 0, 0.01, 0.02, 0.04, 0.06, 0.08, 0.1 µg/ml cyclohexane. During each run 
this calibration series is measured parallel to the samples. 
For the actual analysis the samples are analyzed in the following order: calibration series, 
negative control filter extracts, sampled filter extracts. After each 10th analyzed sample, an 
internal standard is measured to control the variability of the analysis itself. This internal 
standard is actually one concentration from the calibration dilution series (0.08 µg/ml).  
At the end of GC/MS analysis, each chromatogram is evaluated for presence of individual 
PAH’s. This is done by selecting peaks appearing at specific retention times and containing 
specific ions for each aromatic hydrocarbon individually. Table 2.5 shows these data. 
S.EVERTZ – ELECTRICAL DISCHARGE  MACHINING: EXPOSURE ASSESSMENT 
49 
Table 2.12: PAH analysis: retention times and ion selection for each substance 
Substance Retention time (min) Ion selection 
Naphtalene 7.86 128 
Acenaphtylene 10.55 152 
Bromonaphtylene 10.79 206 
Acenaphtene 10.85 154 
Fluorene 11.73 166 
Phenanthrene 13.54 178 
Anthracene 13.63 178 
Fluoranthene 16.6 202 
Pyrene 17.3 202 
Benzo[a]anthracene 21.83 228 
Chrysene 21.98 228 
Benzo[b]fluoranthene 26.25 252 
Benzo[a]pyrene 27.49 252 
Indeno[1,2,3-cd]pyrene 31.58 276 
Dibenzo[a,h]anthracene 31.75 278 
Benzo[g,h,i]perylene 32.45 276 
 
The resulting peaks are integrated and expressed as total ion count (TIC). Using the calibration 
series, the samples as well as the negative controls are quantified [HvbG, 1998]. The obtained 
quantities (Qc, µg) are subsequently calculated backwards to estimate the quantity of individual 
PAH’s that are emitted from the EDM process per time period (µg/min) or per volume of air 
(µg/m3). The following calculation is used for filter samples from emission based monitoring: 
Qc (quantity calculated) * Fd (Dilution factor for analysis) * ((Vc (concentrated volume)*Vtar (total 
volume after rotavapor evaporation)) / (Vpar (separated volume after rotavapor evaporation for 
GC/MS)) * (Ag (area glass fiber filter) / Ap (area punched filter piece)) / Ts (time sampled, min) = 
Q / min (quantity, µg, per min) 
For the filter samples from immission based monitoring the following calculation is used: 
Qc (quantity calculated * Ve (volume after evaporation)) / Vac (cumulated sampled air volumes 
all three samples, m3) = Q / m3 (quantity, µg, per m3) 
2.3.4 Analysis of Nickel and Chromium in air 
Hardware: Cork borer (37 mm), Glass bottles (100, 250 ml), Teflon coated closures, Pipettes (10, 25 ml), Pipettes 
(Pasteur), Headspace vials with teflon coated caps (22 ml), Glass fiber filter GF10 (Schleicher & Schuell, Germany), 
Glass syringe (100, 500 and 1000 µl, Hamilton). 
Standards & Solvents: Nickel, Chromium (1 g/l, Merck Germany), Methanol p.a., Isopropanol-2, HNO3 (65 %), 
Suprapur® ( Merck, Germany), H2O2 (30%), puriss. p.a. (Fluka) 
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2.3.4.1 General 
For the detection of the heavy metals, nickel and chromium, in aerosols (sampled on glass fiber 
filters), a microwave-pulping technique using mineral acids to break the sample-matrix, is used. 
The radiation from the microwave heats the pulping-solution. In this way the sample-matrix is 
oxidized by the acids. The acid-pulping itself takes place in the high pressure PTFE Sample-
vessels (MPV 100). Once oxidized and solved, the sample is injected on a graphite bar and is 
dispersed and atomized (Atomic Absorption Spectroscopy using graphite bar, [DIN 38406 Part 
6, 10, 1985]. The atomized dust is radiated using a hollow cathode lamp, which radiates the 
spectrum of the specific light. The atoms will adsorb the radiation of excited atoms of equal 
elements. The measured extinction is proportional to the concentration of the atom (of an 
element) in the atomized solution (Lambert-beer). This is calculated as µg element / g filter. 
2.3.4.2 Emission / Immission based monitoring 
Preparation 
Six glass fiber filter-pieces (diameter 18 mm) are punched out of both glass fiber filters (sample 
and negative control) collected during emission based monitoring, using the mask (figure 2.12). 
These filters are weighed and stored in headspace vials at 4°C until acid pulping. Three 
sampled filters and three control filters (diameter 37 mm), collected during immission based 
monitoring are weighed and stored in headspace vials.  
All filters are translocated to the MPV 100 vessels. Eight ml HNO3 and one ml H2O2 is added 
and the vessels are placed in the microwave. The program, described in table 2.6 is started 
(without stirring). The resulting oxidized solution is stored until analysis at room temperature.  
Analysis and quantitative determination 
For quantitative determination a dilution series is prepared containing resp. 2, 6, 10, 14 and 18 
µg Nickel / l (HNO3:H2O2, 8:1) and 1, 2, 4, 6 and 8 µg Chromium / l (HNO3:H2O2, 8:1). During 
each AAS run this calibration series is measured parallel to the samples and controls.  
For controlling the variability of the preparation-analyzing process, six internal standards are 
prepared the same ways as the sample/control filters. These standards are same sized glass 
fiber filters that are covered with known concentrations of dielectric-nickel and dielectric-
chromium solutions. The end quantities per filter unit are resp. 0, 5 and 10 µg Nickel / g filter 
and 0, 5 and 10 µg Chromium / g filter.  
During AAS analysis the samples are diluted depending on their best fit in the calibration curve. 
This requires the samples to be measured more than once to find the best dilution. 
At the end of the AAS analysis, the extinction for Nickel and Chromium is evaluated per sample. 
Using the calibration series, the samples as well as the negative controls are quantified. The 
obtained quantities are subsequently calculated backwards to estimate the quantity of 
Chromium and Nickel that is emitted from the EDM process per time period (µg/min) or per 
volume of air (µg/m3). The following calculation is used for filter samples from emission based 
monitoring: 
Qc (quantity calculated) * Fd (Dilution factor for analysis) * (Ag (area glass fiber filter) / Ap (area 
punched filter piece)) / Ts (time sampled, min) = Q / min (quantity, µg, per min) 
For the filter samples from immission based monitoring the following calculation is used: 
Qc (quantity calculated * Fd (Dilution factor for analysis / Va (sampled air volume, m3) = Q / m3 
(quantity, µg, per m3) 
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2.3.5 Analysis of Polycyclic Aromatic Hydrocarbons in dielectric 
Hardware: Ultrasonic device, Waterbath, Glass bottles (100, 250 ml), Teflon coated closures, Pipettes (10, 25 ml), 
Pipettes (Pasteur), Headspace vials with teflon coated caps (22 ml), Glass syringe (100, 500 and 1000 µl, Hamilton). 
Standards & Solvents: EPA PAH standard(2000 µg/ml) solved in dichloromethane (Merck Germany), Methanol p.a., 
Isopropanol-2, Cyclohexane p.a. DMSO, NaCl (Merck, Germany), BP200T (WZL, Technical University Aachen). 
2.3.5.1 General 
Dielectric, collected during emission and immission based monitoring is solved in cyclohexane. 
This solution is separated using the optimized IP346 method and subsequently concentrated 
using  the rotavapor. The remaining extract is analyzed using the GC/MS method. The 
adjustments of the analyzing method are identical to those used for glass fiber filter analysis. 
2.3.5.2 Emission / Immission based monitoring 
Preparation 
Dielectric from emission based monitoring as well as immission based monitoring is weighed 
(50 mg) and collected in duran bottles (100 ml) with teflon closure. A negative control bottle is 
prepared containing 50 mg of cyclohexane. Cyclohexane (30 ml) is added to each bottle and 
these are closed with teflon coated closures. After shaking in a 37°C water bath (1 hr) and 
sonification (1 hr) 30 ml pre-equilibrated DMSO is added to the extracts. The combined phases 
are mixed by handshaking (100 times up and down stroke). The lower DMSO phase (A) is 
collected. 30 ml of pre-equilibrated DMSO is added to the upper phase. The phases are mixed 
(100 times up and down strokes) and the lower phase is collected and added to the first 
collected DMSO phase A. 100ml NaCl (4%) is added to the DMSO extract together with 20 ml 
Cyclohexane. Mix the combined phase for 2 minutes. Open the bottle frequently because of 
heat production. Collect upper phase (± 20ml cyclohexane). Evaporate the extracts using the 
rotavapor, followed by evaporation under a nitrogenous air-flow, to 500µl. 250 µl of this extract 
is used for GC/MS analysis. Before analysis two dilutions (1:100 and 1:1000) are prepared. 
Both dilutions are analyzed. 
Analysis and quantitative determination 
See paragraph 1.3.3.4. The only difference is that the individually quantified PAH’s are 
expressed as µg / ml dielectric by using the following calculation: 
Qc (quantity calculated) * Fd (Dilution factor for analysis) * ((Vc (concentrated volume)*Vtar (total 
volume after rotavapor evaporation)) / (Vpar (separated volume after rotavapor evaporation for 
GC/MS)) / (Wd (weight initial dielectric) / Dd (Density dielectric)) = Q / ml (quantity, µg, per ml 
dielectric) 
2.3.6 Analysis of Nickel and Chromium in dielectric 
Hardware: Glass bottles (100, 250 ml), Teflon coated closures, Pipettes (10, 25 ml), Pipettes (Pasteur), Headspace 
vials with teflon coated caps (22 ml), Glass syringe (100, 500 and 1000 µl, Hamilton). 
Standards & Solvents: Nickel, Chromium (1 g/l, Merck Germany), Methanol p.a., Isopropanol-2, HNO3 (65 %), 
Suprapur® ( Merck, Germany), H2O2 (30%), puriss. p.a. (Fluka), BP200T (WZL, Technical University Aachen). 
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2.3.6.1 General 
Dielectric, collected during emission and immission based monitoring is weighed and acid 
pulped. The oxidized solution is analyzed using the AAS method. The adjustments of the 
analyzing method are identical to those used for glass fiber filter analysis. 
2.3.6.2 Emission / Immission based monitoring 
Preparation 
200 µg of dielectric collected during emission based monitoring and immission based monitoring 
is weighed and put in MPV 100 vessels. Eight ml HNO3 and one ml H2O2 is added and the 
vessels are placed in the microwave. The program, described in table 2.6 is started (without 
stirring). The resulting oxidized solution is stored until analysis at room temperature.  
Analysis and quantitative determination 
See paragraph 1.3.4.2, subsection “Analysis and quantitative determination”. The only 
difference is that the quantified Nickel and Chromium is expressed as µg / ml dielectric by using 
the following calculation: 
Qc (quantity calculated) * Fd (Dilution factor for analysis) / (Wd (weight initial dielectric) / Dd 
(Density dielectric)) = Q / ml (quantity, µg, per ml dielectric) 
2.3.7 Analysis of Nitrite and Chlorite in dielectric 
Hardware: Overhead shaker device, Glass bottles (100, 250 ml), Teflon coated closures, Pipettes (10, 25 ml), 
Pipettes (Pasteur), Headspace vials with teflon coated caps (22 ml), Glass fiber filter GF10 (Schleicher & Schuell, 
Germany), Glass syringe (100, 500 and 1000 µl, Hamilton). 
Standards & Solvents: Chlorite, Nitrite (Merck Germany), Methanol p.a., Isopropanol-2. 
2.3.7.1 General  
The ions Chlorite and Nitrite are detected in water-based extracts of the dielectrics collected 
during emission and immission based monitoring. After separation on a column these ions are 
detected fluid-chromatographically using a ion chromatograph (DIONEX, DX-100) [DIN 38405 
Part 20, 1991]. The instrument consists of a pre column and a main column.  
2.3.7.2 Emission / Immission based monitoring 
Preparation 
Dielectric from emission and immission based monitoring is weighed (100 gr) per liter water 
(millipore) in a glas-bottle with screw-closure. Next to the dielectric that is used in EDM 
processing, clean dielectric is weighed also (negative control). The bottles are placed in an 
overhead shaker and the solution is mixed for 24 hours at 10 rpm. After shaking the 
dielectric/water extract is translocated to a separation funnel (1l) where the two phases are 
allowed to separate for 1.5 hours. The lower phase (water) is drawn and collected in 250ml 
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bottles. C18 is added to the water phase to completely separate the oil traces, and the bottles 
are placed in the overhead shaker for 1 hour at 10 rpm. The extract is collected by filtration 
trough a glass fiber filter and is stored at 4°C until analysis (IC). 
Analysis and quantitative determination 
For quantitative determination a dilution series is prepared containing resp. 0, 0.1, 0.2, 0.3, 0.4, 
0.5, 0.6, 0.7, 0.8, 0.9, 1.0 mg Nitrite/l millipore water and 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 mg 
Chlorite/l millipore water. During each IC run this calibration series is measured parallel to the 
samples.  
Before IC analysis the samples are diluted depending in their best fit in the calibration curve. To 
prevent reactive bondage on the separation column and for the correction of the noise of the 
liquid phase (“water dip”), the samples are diluted with the liquid phase (1:100). This is also 
done for the calibration series. 
At the end of IC analysis, each chromatogram is evaluated for presence of Chlorite and Nitrite. 
This is done by selecting peaks appearing at specific retention times (Chlorite: 4 min, Nitrite: 
4.67 min). The resulting peaks are integrated. Using the calibration series, the samples as well 
as the negative controls are quantified. The quantified Chlorite and Nitrite is expressed as mg / 
ml dielectric by using the following calculation: 
Qc (quantity calculated) * Fd (Dilution factor for analysis) / (Wd (weight initial dielectric) / Dd 
(Density dielectric)) = Q / ml (quantity, µg, per ml dielectric) 
2.4 Genotoxicity and Mutagenicity assays 
2.4.1 Umu-C assay 
Hardware: Cork borer (58 mm), Glass bottles (100, 250 ml), Teflon coated closures, Multi-pipette dispenser, Pipettes 
(100 µl, 1000 µl, 10 ml, 25 ml), Pipettes (Pasteur), Headspace vials with teflon coated caps (22 ml), Glass fiber filter 
GF10 (Schleicher & Schuell, Germany), Glass syringe (100, 500 and 1000 µl, Hamilton), Microplates 96 Wells 
(Cliniplates, Labsystems), Incubation device, Rotavapor device. 
Solvents & Standards: Methanol p.a., Isopropanol-2 ( Merck, Germany),10-times TGA-Medium (Trypton-Glukose-
Ampicillin-Medium: Trypton(10 g), NaCl (5 g), HEPES-Buffer (11.9 g), Glucose (2 g) solved in 100 ml Aqua bidest) 
plus ampicillin 10%) , Chloro-amphenicol: 10 µg/ml chloro-amphenicol in ethanol (100%), Cofactor: identical to 10-
times TGA-Medium with 1.23 g KCl and 0.82 g MgCl2 * 6H2O per 50 ml 10-times TGA-Medium. Additionally added 
before use 0.25 ml ampicillin (10%), 296 mg NADP and 152 mg Glu-cose-6-Phos-phate in 10 ml 10-times TGA-
Medium, TGA-Medium (1-times concentrated): 10-times TGA-Medium diluted 1:10  and additionally added before 
use 0.5 ml ampicillin (10%) per 100 ml 1-times-concentrated TGA-Medium,  B-buffer: Na2HPO4 * 2H2O 20.18 g 
NaH2PO4 * H2O 5.50 g, KCl 0.75 g, MgSO4 * 7H2O 0.25 g in 500 ml Aqua bidest, additionally added 1 g 
Natriumdodecylsulfat (SDS) and filled to 1000 ml. Before use added 0.54 ml 2-Mercapto-etha-nol (50%) per 50 ml B-
buffer , ONPG: 45 mg o-Nitrophenyl-ß-D-Galaktopyranosid per 10 ml Phosphate buffer. Phosphate buffer pH 7.0 0.2 
Na2HPO4 * 2H2O 1.086 g, NaH2PO4 * H2O 0.538 g solved in Aqua bidest and filled to 100 ml. Reference 
substances: 5 mg 4NQO per 5 ml DMSO diluted with DMSO-Water (3:7) to 500 µg/l, 5 mg 2-AA per 5 ml DMSO 
diluted with DMSO-Water (3:7) to 2 mg/l, S9-Fraction: S9-Microsome-Fraction induced with Aroclor 1254 (Orga-non). 
2.4.1.1 General 
The umu-C assay is a genotoxicity test system using Salmonella typhimurium TA 
1535/pSK1002 as a test organism. This strain contains the multi-copy plasmodia pSK 1002, 
CHAPTER 2 – MATERIAL AND METHODS 
54 
which is resistent for ampicillin and carries the umuC-lacZ fused product. The genetically 
alterned bacteria are exposed against potential genotoxic substances. In case of single 
stranded DNA, which appears mostly as a cause of genotoxic influences on the DNA, the SOS 
repair system, and subsequently the umuC-gene is activated. Because of its fusion with the 
lacZ-gene, ß-galactosidase will be produced after activation. The activity of ß-galactosidase can 
be measured photometrically as a result of the transformation of o-nitro-phenylgalactopyranosid 
into o-nitro-phenol (yellow color) and galactose. The color-formation is positively related to the 
genotoxic potential of the exposed substances. The general toxic properties of the exposed 
substances are determined by measuring the optical density, which is a measure for growth of 
the bacterium, of the test-solutions. Several substances have to be metabolized first, before 
showing genotoxic potential. Adding S9 fraction from rat-liver to the test solutions can cause 
substances to metabolize, identical to the physiological processes in mammals. The test is 
executed using micro-titer plates according to DIN [DIN 38 415 Part 3, 1995, AQS Merkblatt P-
9/6, 1998, ISO/FDIS 13829, 1999, Oda, Y. et al., 1985, Oda, Y. et al., 1993, Oda, Y. et al., 
1995]. 
The umu-test is developed and validated for water-based samples. In this project, the umu test 
is used to capture genotoxic potential of air samples (aerosol fraction) only. Because most of 
the (geno-) toxic potential of aerosols (dielectric-drops) is theoretically originating from the oil-
phase, water extract will not reflect the genotoxic potential of the aerosol as a whole. Therefore 
a preparation procedure has been developed and validated to capture total genotoxic potential 
of the aerosolic part of the sampled air, using the standard umu test system. 
2.4.1.2 Preparation 
Samples are taken during a worst-case scenario in emission based sampling. Aerosols are 
collected on a glass fiber filter as described earlier. Using the mask (2.12), 6 filter pieces 
(diameter 58 mm, the same as those used for PAH’s preparation/analysis) are punched out of 
the glass fiber filter (diameter 45.5 cm) for the sampled filter as well as the control filter. The 12 
punched filter pieces are put in 8 glass bottles with teflon closure (250 ml). Dichloromethane 
(20ml) is added to each bottle. After shaking in a 37°C water bath (1 hr) and sonification (1 hr) 
the extracts from the sample-filter are combined and the extracts from the control filter are 
combined. The extracts are evaporated using the rotavapor to about 1 ml. DMSO (1 ml) is 
added to the evaporated solution. This solution is again evaporated under a nitrogenous air-flow 
to 1 ml (DMSO phase). This is stored until analysis at 4°C. 
2.4.1.3 Analysis and evaluation 
Before analysis, the samples are diluted with Millipore water to establish an end-concentration 
of 4% DMSO. The test is executed according to ISO/FDIS 13829 [1999], with small differences: 
• all dilutions on the microplates are made with DMSO 4% (instead of Millipore water);  
• the row consisting the control values (row “g”) is filled with 12 parallels of the negative 
control; 
• each sample-dilution is tested in 9 parallels, one dilution for each row (Dilution factors: 1.5, 
3, 6, 12, 24, 48) 
The cryo culture Salmonella thyphimurium TA 1535/pSK100 (1 ml, density 2 108 bacteria/ml) is 
incubated with 29 ml TGA medium for about 2 hours at 37°C and 150 rpm. The test culture 
should reach a density of 340-350 FNU [DIN 38 404 C2 1990]. This is measured at 578 nm 
against TGA medium. 
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Three different microplates are prepared during the umu test; plate A (exposure to sample 
material); plate B (growth rate detection) and plate C (detection of β-galactosidase activity). 
Each sample is arranged in different dilutions on 1 plate. 
 1 2 3 4 5 6 7 8 9 10 11 12 
A Dilution 1.5 Dilution 1.5 Dilution 1.5  
B Dilution 3 Dilution 3 Dilution 3  
C Dilution 6 Dilution 6 Dilution 6  
D Dilution 12 Dilution 12 Dilution 12  
E Dilution 24 Dilution 24 Dilution 24  
F Dilution 48 Dilution 48 Dilution 48  
G Negative control Negative control Negative control Negative control 
H Positive  Negative  Growth control Negative total 
Figure 2.13 Arrangement of the different sample dilutions on the plates 
Microplate A; contents of the wells 
With metabolic activation: samples are diluted as described for 9 parallels using DMSO 4% 
(each well: 180 µl sample, 20 µl TGA 10*, 70 µl culture). Negative control are diluted in DMSO 
4% for 12 parallels (180 µl control, 20 µl TGA 10*, 70 µl culture). The positive control contains 
reference substance (27 µl 4-Nitrochinolin-1-oxide-solution, 152 µl Millipore, 20 µl TGA 10*, 70 
µl culture). Negative is solved with DMSO (27 µl DMSO, 153 µl Millipore, 20 µl TGA 10*, 70 µl 
culture). Growth controls contain no sample material and are solved in Millipore (180 µl 
Millipore, 20 µl TGA 10*, 70 µl TGA). 
Without metabolic activation: 450 µl S9 fraction is mixed with 15 ml culture. This mixture is 
added in the test ans is also called “culture”. Samples are diluted as described for 9 parallels 
using DMSO 4% (each well: 180 µl sample, 20 µl cofactors, 70 µl culture). Negative controls are 
diluted in DMSO 4% for 12 parallels (180 µl control, 20 µl cofactors, 70 µl culture). The positive 
control contains reference substance (27 µl Aminoanthracene, 152 µl Millipore, 20 µl cofactors , 
70 µl culture). Negative is solved with DMSO (27 µl DMSO (30%), 153 µl Millipore, 20 µl 
cofactors, 70 µl culture). Growth controls contain no sample material and are solved in Millipore 
(180 µl Millipore, 20 µl cofactors, 70 µl TGA with 450 µl S9-fraction / 15 ml). 
The test starts with the addition of the culture. The microplate is covered with a foil and 
incubated for 1.5 hours at 37 °C while shaking. 
Microplate B; contents of the wells 
All wells in microplate B are filled with 270 µl TGA medium. 30 µl from each well are transferred 
to the equal wells in plate B. This microplate is covered with a foil and incubated for 1.5 hours at 
37 °C while shaking. At the end of the incubation period 30 µl from each well in plate B is 
transferred to plate C. The optical density of plate B is measured using the IEMS reader. 
Microplate C; contents of the wells 
Each well is filled with 120 µl B-buffer. 30 µl from corresponding wells from plate B are added to 
each well. After addition of 30 µl ONPG to each well the enzyme kinetic activity is measured in 
the IEMS reader. 
Evaluation according to ISO/FDIS 13829 [1999] 
The induction rate is the parameter that is calculated during the kinetic measurement. It is 
standardized against the negative control samples (row G). The growth rate is calculated from 
the optical density meaasurement and is also standardized against the negative control 
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samples (row G). The values of the positive control are standardized against the corresponding 
negative controls (H4-H6). The result is expressed as LID-value (lowest ineffective dilution) and 
is equal to the smallest dilution that has a calculated induction rate < 1.5. The test itself is valid 
when growth rates on plate B are >= 0.5 and the induction rate of the positive control >= 2.0. 
Evaluation according to Dunnett’s procedure 
One of the disadvantages of the evaluation according to ISO/FDIS 13829 [1999] is that samples 
that have induction rates varying around 1.5 are often classified as having no genotoxic 
potential (induction rate = 1.5). The Dunnett’s procedure [Dunnett, 1955] is a method that 
compares each measured value (extinction) from each sample dilution with the measured 
control values (row G). This procedure is based on ANOVA and has the main advantage that a 
difference between control and sample can be proven statistically. To execute the Dunnett’s 
procedure all values are transferred and processed in SPSS, a statistical software package. 
The results are expressed again as LID values and are equal to the lowest sample dilution that 
is not significantly different from the control value. 
2.4.2 Modified Ames; Blackburn assay  
Hardware: Glass bottles (100, 250 ml), Teflon coated closures, Pipettes (100 µl, 1000 µl, 10 ml, 25 ml), Pipettes 
(Pasteur), Headspace vials with teflon coated caps (22 ml), Glass syringe (100, 500 and 1000 µl, Hamilton), Agar 
plates, Incubation device, Rotavapor device.  
Solvents & Standards: Methanol p.a., Isopropanol-2 ( Merck, Germany), S9 mix: 120 ml S9 (hamster) (per liter: 15 ml 
1 M Phosphate buffer , 3 ml 0,25 M Glucose-6-phosphate, 6 ml 0.2 M NADP, 6 ml 0.2 M MgCl2 / 0.825 M KCl), Agar 
plates (per liter: 15 gr Bitek-agar, 20 ml Vogel-Bonner, 100 ml 20 % Glucose, 880 ml H2O), Vogel-Bonner (per liter: 
10 gr MgSO4.7H2O, 100 gr Citric acid, 500 gr K2HPO4, 175 gr NAHNH4PO4.4H2O), Min. top agar (per liter: 6 gr 
Bitek-agar, 5 gr NaCl, 1000 ml H2O, 100 ml 0.5 mM Biotin / 0.5 mM Histidine), Glucose (20 %, :200 g Glucose-
monohydrate per 1000 ml Aqua bidest), Nutrient Broth-Medium (Difco NB 8 g, NaCl 5 g in 1000 ml aqua bidest). 
2.4.2.1 General 
The so-called Blackburn-assay is based on the Salmonella mutagenesis assay [Ames, B.N. et 
al, 1975]. This test can be used as a screening technique to detect the presence of potential 
dermal carcinogens in virgin base oils used in the formulation of metal-working oils and is 
standardized in the United States of America as ASTM E1687-98, 1998. The Ames salmonella 
mutagenicity assay employs specific strains of the bacterium Salmonella typhimurium that have 
been mutated at a genetic locus precluding the biosynthesis of the amino acid histidine which is 
required for growth and reproduction. The mutagenicity assay relies upon treating bacteria with 
the sample material over a range of doses immediately below the concentration showing 
significant toxicity to the bacteria. Treated bacteria are then grown on agar plates deficient of 
histidine. Bacteria possessing the original mutation in the histidine locus can not form colonies 
under these growth conditions, but a certain fraction of treated bacteria which have undergone a 
second mutation in the histidine locus revert to histidine independence and are able to grow and 
form visible colonies. The number of such revertant colonies per agar plate is an indicator of the 
mutagenic property of the sample material.  
Although the ability of the Ames assay to assess carcinogenic potential is good for many 
classes of compounds, it has been shown to be generally unsuited to the testing of water 
insoluble complex mixtures such as mineral oils (like dielectric). To circumvent poor solubility 
and other difficulties, the Blackburn assay employs an extraction of the test oil with DMSO to 
produce aqueous compatible solutions which readily interact with the metabolic activation 
system (S9, see paragraph 1.4.1.1) and with the tester bacteria. The concentration of S9 and of 
NADPH cofactor are increased relatively to the unmodified assay, and hamster rather than rat 
S.EVERTZ – ELECTRICAL DISCHARGE  MACHINING: EXPOSURE ASSESSMENT 
57 
liver S9 is used. The slope of the dose-response curve relating mutagenicity (TA98 revertants 
per plate) to the dose of extract added is used as an index of mutagenic potency. This modified 
assay is correlated with mouse skin painting bioassay results for samples of raw and refined 
lubricating oils. Mutagenic potency also correlate with the content of 3-7 ring polynuclear 
aromatic hydrocarbons and their heterocyclic analogs [ASTM E1687-98, 1998, Blackburn et al, 
1986, Brooks et al, 1995, Gradinski et al, 1983].  
2.4.2.2 Preparation 
The modified Ames Salmonella mutagenesis assay is used for detecting the mutagenic 
potential of the dielectrics used in EDM processing. The dielectric is extracted with DMSO 
(dielectric : DMSO, 1:5). This solution is mixed for 30 minutes on a vortex and afterwards 
centrifuged on a table top centrifuge for 10 minutes, 200g. The lower DSMO layer is withdrawn 
with a pipet. Next to the sampling material (dielectric) a positive control (HC235) is prepared. 
This latter oil is used for validation of the test. The same steps are executed for this oil. 
However the DMSO phase is diluted 3 times at the end. For each sample, 6 dosing solutions 
are prepared in such a way that the following extract volumes will finally appear per plate: 0, 12, 
24, 36, 48, 60 µl.  
S9 mix is prepared by adding in a sterile container at 4°C; 1.5ml 1M Sodium Phophate buffer, 
pH7.4, 0.3ml 0,25M Glucose-6-Phosphate, 0.6ml 0.2M NADP, 0.6ml 0.2M MgCl2 / 0.825M KCl, 
12 ml S9 (Aroclor 1254-induced liver S9 from Syrian golden hamsters). This mix must be used 
within 2 hours and is stored at 4°C. 
The inoculation procedure starts with thawing TA98. 100 µl TA98 is combined with 10 ml Oxoid 
No2 and 100 microliter Ampicilline. This mixture is shaken (100-120 rpm) and incubated at 37°C 
for 16 hours. At the end 8 ml Oxoid No2 is added to 2 ml of the culture and is incubated for 3 
hours until turbidity measured at 650 nm is in the range from 1 – 2 absorbance units. A second 
check on cell density may be obtained by diluting the culture by a factor of 107 into phophate 
buffered saline (PBS) and plating 1 ml of the resulting solution onto nutrient agar plates 
containing 0.5% NaCl. After 44-48 hours incubation at 37°C the number of colonies can be 
determined immediately and should range from 1 to 3 x 109 cells / ml. 
The final exposure and preparation steps start with addition of 60 µl of each dosing solution in 
100mm sterile glass test tubes in triplo. To this solution, 0.5 ml S9 mix, 0.1 ml TA98 is added. 
The tubes are incubated at 37°C on a gyratory shaker incubator at 150 rpm for 20-30 minutes. 
Top agar (2 ml) is added and mixed on a vortex. The agar mixture is subsequently poured onto 
a 100 mm minimal agar plate, which is swirled to obtain a layer of minimal top agar of even 
thickness. The plates are incubated inverted in an incubator at 37°C for 44-48 hours. 
2.4.2.3 Analysis and evaluation 
The plates are removed from the incubator and the colonies are count per plate. The test is 
valid if the following acceptability rules are engaged; 
• Colony counts HC235, reference oil > two times mean control value (2*46=92 colonies); 
• Three or less doses HC235, reference oil < 15% below representative mean; 
• 30 < Blank plates < 60  
The colony counts for the samples are plotted against their doses. The slope of the dose-
response curve is the earlier described Mutagenicity index (MI). This MI is used for the final 
evaluation of the dielectric: 
MI <1.0;  high probability of being non-carcinogenic in a mouse skin painting assay; 
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1.0 >= MI <= 2.0; chemical analyses necessary 
MI > 2.0;  high probability of being carcinogenic in a mouse skin painting assay. 
sinking depth’ and for comparison against ‘sampling time’. 
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3 Results 
3.1 Reliability and Validation 
3.1.1 General 
Reliability, or the precision of estimates, is a measure for the presence of random errors in an 
investigation. Because all measurements (samples taken during EDM) are random samples, 
there will always be a certain variation around a mean value. One of the possibilities to reduce 
random errors and increase reliability is increasing the number of parallel samples tested.  
Validity is based on the presence of systematical errors. These errors lead to incorrect wrong 
effect-estimates. They do not represent the actual status of investigation. External validity 
indicates the allowed extrapolation of the results. This means that in the modeling situation 
(emission based monitoring, WZL) no factors should be introduced that are not present in a 
normal industrial environment. External validity is tested by the implementation of the developed 
and optimized techniques in an industrial environment (immission based monitoring, Erotec 
AG).  
Internal validity is a measure for correctness and rightness of gathered data; in other words, it 
says something about how the measured environment is in accordance with the actual 
environment. Internal validity is increased by reflecting the research design on certain 
methodological standards.  
In the following paragraphs the methods of validation are described for several laboratory 
methods that have been optimized. At first the calibration standards are plotted. These are 
necessary for the quantification of the actual emissions/immissions and present the detection 
limits of the methods. Next to these, reproducibility and recovery rates are documented. 
3.1.2 Laboratory methods 
There are four methods that are optimized using existing methods at the Institute of Hygiene 
and Environmental Medicine; aliphatic compounds in aerosol and gas (GC/MS); PAH’s in 
aerosol (GC/MS), nickel and chromium in aerosol (AAS) and genotoxicity of aerosol (umu-C). 
All other methods are copied from existing standards and are applied for the goals of this 
project. These latter methods will not be discussed in this paragraph. Figure 3.1 summarizes all 
methods used over four columns; ‘sampling’, ‘preparation’, ‘analysis’ and ‘evaluation’. For the 
internal validation of laboratory methods the two middle columns ‘preparation’ and ‘analysis’ are 
important. These two items are discussed, always starting with the ‘analysis’ part (calibration, 
detection limits, reproducibility of analyses) and ending with the preparation part (recovery, 
reproducibility of preparation). 
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Figure 3.1 Overview of different methods used in this project. Volatile organic compounds (in gas, 
VOC) are analyzed with thermal desorption followed by GC/MS (TD-GC/MS) without 
preparation; Aliphatic compounds (in gas and aerosol) are analyzed with IR and 
GC/MS and are prepared with different techniques; PAH’s (in aerosol) analyzed with 
GC/MS with preliminary preparation procedure; Nickel and chromium (heavy metals, 
in aerosols) analyzed with AAS with preliminary preparation procedure; Chloride and 
nitrite (in dieletric) with IC preliminary preparation procedure; mutagenicity and 
genotoxicity of aerosols and dielectric with a modified Ames assay and umu-C resp. 
preliminary preparation procedure. The preparation procedures (prep 1-6a,b) are 
described in paragraph 3.2 and 3.3. 
3.1.2.1 Aliphatic compounds in aerosol and gas (GC/MS) 
Infrared spectroscopy is the routine measurement for analyzing aliphatic compounds in air. In 
this project an attempt is made to use GC/MS as the analyzing method. The main advantage of 
GC/MS is that in contrast to IR it allows analysis of individual substances. The ‘IR’ method is 
developed by BIA, the Institute of Industrial Safety of the German Federation of Institutions for 
Statutory Insurance and Prevention. It uses glass fiber filter and XAD-2 for aerosol and gas 
analyses respectively. For GC/MS analysis the same absorbers are used. The solvent used will 
be cyclohexane, which is different. Furthermore, the complete extraction procedure will differs 
from the BIA-method.  
Calibration series 
At first, a calibration series is established using the dielectric BP200T (solved in cyclohexane) 
as a source for aliphatic compounds. This curve is used for aerosol as well as gas detection of 
aliphatic compounds.  
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Figure 3.2 Calibration curve of BP200T. Total ion counts (TIC) for ion 57 are plotted against 
different BP200T dilutions in cyclohexane. The regression model and the correlation 
coefficient are plotted. 
The plotted calibration curve has a significant trend, with a corresponding high correlation 
coefficient (0.9836). To estimate the reproducibility, five similar calibration curves have been 
established in different time periods. Although the y-intercept of the six different regression lines 
are different, the slopes remain relatively equal.  
Table 3.1 Statistics for calibration curve BP200T, quantified using GC/MS 
 Mean Standard deviation 95% confidence 90% confidence 
Correlation coefficient 0.96 0.04 0.030 0.026 
Slope 33561 8639 6913 5801 
Mean correlation coefficient and slope of six calibration curves. Furthermore, a 95% and a 90% 
confidence factor for the means are calculated. 
Regarding table 3.1, the mean slope of the calibration curve equals 33561 TIC’s. It can be 
concluded with a 90% certainty that this slope can vary between 27760 TIC’s and 39362 TIC’s, 
and equals to a relative variation of about 17% . 
For Oel Held (dielectric used during immission based monitoring) an equal calibration curve is 
shown in figure 3.3. The concentrations of the dielectric are much lower, compared to BP200T, 
to get an optimal regression curve. To check reproducibility six additional calibration curves 
have been established in different time spans. Table 3.2 summarizes the statistics. 
Table 3.2 Statistics for calibration curve Oel Held, quantified using GC/MS 
 mean Standard deviation 95% confidence 90% confidence 
Correlation coefficient 0.96 0.04 0.030 0.026 
Slope 2567842 458978 356784 305648 
Mean correlation coefficient and slope of six calibration curves are shown. Furthermore, a 95% 
and a 90% confidence interval for the means are calculated. 
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Figure 3.3 Calibration curve of Oel Held. Total ion counts (TIC) for ion 57 are plotted against 
dielectric concentrations, solved in cyclohexane. The regression model and the 
correlation coefficient are plotted. 
Regarding table 3.2, the mean slope of the calibration curve equals 2567842 TIC’s. It can be 
concluded with a 90% certainty that this slope can vary between 2262194 TIC’s and 2873490 
TIC’s, and equals to a relative variation of about 12% . 
Preparation of glass fiber filter 
Five different amounts of BP200T (10, 20, 30, 40 and 50 µl) are added to individual glass fiber 
filter-pieces (n=3). The normal extraction procedure is followed and normal quantification 
procedures are performed. During evaluation, analyzed BP200T amounts are compared to the 
actual amounts that were added to the filters. The percentage of BP200T that is found in the 
extracts is called recovery rate. Table 3.3 summarizes the recovery rates for each BP200T 
volume. 
Table 3.3 Mean recovery rates for each volume of BP200T combined with glass fiber filter 
 Recovery rates [%] 
BP200T [µl] Mean SD 
10 26.49 12.36 
20 77.37 5.51 
30 80.04 7.19 
40 84.01 3.28 
50 82.84 5.28 
Recovery rates are expressed as a percentage of the original BP200T volume that is added to 
the glass fiber filters before extraction. Next to the means per volume unit, standard deviations 
are expressed too (n=3). 
Five different amounts of Oel Held (10, 20, 30, 40 and 50 µl) are added to individual glass fiber 
filter-pieces (n=3). Again, the normal extraction procedure is followed and normal quantification 
procedures are performed. Analyzed Oel Held amounts are compared to the actual amounts 
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that were added to the filters. The percentage of Oel Held that is found in the extracts is called 
recovery rate. Table 3.4 summarizes the recovery rates for each Oel Held volume. 
Table 3.4 Mean recovery rates for each volume of Oel Held combined with glass fiber 
filter 
 Recovery rates [%] 
Oel Held [µl] Mean SD 
10 66.59 5.65 
20 67.53 20.16 
30 75.21 4.02 
40 80.27 6.27 
50 72.49 5.27 
Recovery rates are expressed as a percentage of the original Oel Held volume that is added to 
the glass fiber filters before extraction. Next to the means per volume unit, standard deviations 
are expressed too (n=3). 
Recovery rates for BP200T as well as Oel Held seem to be stable and are relatively high (about 
70%).  
Regarding the tables 3.3 and 3.4 it can be concluded that the standard deviations are relatively 
small. They vary around the mean for about 10%.  
Preparation of XAD-2TM 
Five different amounts of BP200T (10,20,30,40 and 50 µl) combined with 4 g. XAD-2 are added 
to 10ml cyclohexane (n=3). The mixture is vortexed during 30 minutes. The normal extraction 
procedure is followed and normal quantification procedures are performed. During evaluation, 
analyzed BP200T amounts are compared to the actual amounts that were added to the XAD-2-
BP200T/cyclohexane mixtures. Table 3.4 Shows the recovery rates for each BP200T volume. 
Table 3.5 Mean recovery rates for each volume of BP200T combined with XAD-2TM 
 Recovery rates [%] 
BP200T [µl] Mean SD 
10 56.75 10.29 
20 81.27 2.88 
30 65.28 15.79 
40 41.03 11.17 
50 84.99 9.66 
Recovery rates are expressed as a percentage of the original BP200T volume that is added to 
the XAD-2 mixtures before extraction. Next to the means per volume unit, standard deviations are 
expressed too (n=3). 
The recovery rates for the XAD-2TM preparation are not as stable as those for the filter 
preparation. The mean values fluctuate between 40% and 85%. 
3.1.2.2 PAH in aerosol / dielectric 
Polycyclic aromatic hydrocarbons are present in dielectric in very small amounts. This means 
that extracts have to be concentrated before analysis. This paragraph describes the used 
CHAPTER 3 – RELIABILITY AND VALIDATION 
64 
calibration series, the recovery rates due to preparation procedures and the concentrating 
factors. 
Calibration series 
Only those polycyclic aromatic hydrocarbons that are qualitatively detected in BP200T are used 
for calibration (acenaphtylene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene). 
Substances are solved in cyclohexane, and resulting calibration series are used for PAH 
detection in aerosols and dielectric. 
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Figure 3.4 Calibration curves of acenaphtylene and fluorene. Total ion counts (TIC) are plotted 
against concentrations of both substances, solved in cyclohexane. 
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Figure 3.5 Calibration curves of phenanthrene and anthracene. Total ion counts (TIC) are plotted 
against concentrations of both substances, solved in cyclohexane. 
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Figure 3.6 Calibration curves of fluoranthene and pyrene. Total ion counts (TIC) are plotted 
against concentrations of both substances, solved in cyclohexane. 
For all except acenapthylene (which is more volatile and therefore more difficult to standardize), 
the plotted calibration curves have significant trends, with corresponding high correlation 
coefficient (>0.95). To estimate the reproducibility, five similar calibration curves have been 
established in different time periods for each of the six PAH’s. Although the y-intercept of the six 
different regression lines are different, the slopes remain relatively equal. The following table 
lists the statistics for the slopes for each PAH. 
Table 3.6 Slope-statistics for calibration curves 6 PAH’s, quantified using GC/MS 
 mean Standard deviation 95% confidence 90% confidence 
Acenaphtylene 1058505 942741 826333 693481 
Fluorene 2643125 2084852 1827417 1533618 
Phenanthrene 4947112 2688058 2356140 1977337 
Anthracene 4308682 2441489 2140017 1795961 
Fluoranthene 5811210 323473 2816677 2363833 
Pyrene 6201619 3515076 3081039 2585692 
Slope-statistics of five calibration curves (for each PAH) are shown. Furthermore, a 95% and a 
90% confidence interval for the means are calculated. 
Regarding table 3.6, fluorene; the mean slope of the calibration curve equals 2643125 TIC’s. It 
can be concluded with a 90% certainty that this slope can vary between 1109507 TIC’s and 
4176743 TIC’s, and equals to a relative variation of about 58%. These percentages of slope-
variation have been established for the other PAH’s too: acenaphtylene (65%), phenanthrene 
(39%), anthracene (40%), fluoranthene (40%), pyrene (43%).  
Slope is defined as TIC-increase for each µg/ml of substance. The relative change will not be 
reflected in the results. This is caused by the fact that the calibration series is established in the 
range between 0.02 and 0.1 µg/ml. 
Preparation of glass fiber filter 
The difficulty of PAH analyses in oil based solutions is the fact that aliphatic compounds serve 
as an interfering factor during analysis. PAH will be present in trace amounts, in contrast to 
aliphatic compounds which, for example in BP200T are present for 99.5%. Concentrating the 
original extract will not allow quantification of trace amounts of PAH, because of this 
interference. It is therefore necessary to establish a separation procedure (to separate aliphatic 
compounds from PAH’s) followed by a concentration procedure (allowing to quantify trace 
amounts). The optimal combination is a separation procedure that does not cause too low 
recovery rates but does allow high concentrating possibilities. 
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In order to calculate the concentrating factor and the general recovery rate, chrysene-D26 is 
used as a reference indicator for PAH. Because of the fact that PAH dissolve very good in oil 
dodecane-D12 is used as a reference for aliphatic substances. Both substances are combined 
and three different preparations are executed; (1) extraction-concentrating procedure (which is 
the developed method), (2) normal extraction procedure (no separation/concentration), (3) 
solution of both substances (without further preparation). 
Table 3.7 Dodecane-D12 and chrysene-D26 amounts 
Dodecane-D12 Chrysene-D26  
Mean SD Mean SD 
Preparation 1 9674 2447 1270991 50769 
Preparation 2 1002331 55371 1595385 83110 
No preparation 986730 7733 1535662 36845 
Total ion counts (mean and standard deviations) for dodecane-d12 and chrysene-d26 are 
quantified after execution of three preparation procedures (n = 3). Preparation 1 (glass fiber filter 
piece+50µl chrysene-d26+100µl dodecane-d12) separates both substances and then analyses 
the remaining extract; preparation 2 (glass fiber filter piece+50µl chrysene-d26+100µl dodecane-
d12) directly prepares an extract for analysis; preparation 3 (50µl chrysene-d26+100µl dodecane-
d12) results in a direct solution of both substances without extraction.  
As can be seen in table 3.7 , the ratio of [crysene-d26:dodecane-d12] is 1.59 for preparation 2, 
1.55 for preparation 3 and 131 for preparation 1. This indicates that a concentrating factor of 
about 100 (131/1.55) can be used in the separation-concentrating technique. Furthermore this 
table shows that recovery is relatively good: 1270991 ‘remaining TIC’s’ against 1525662 
‘original TIC’s’; recovery rate is equal to 83%. 
Once this concentrating factor has been established, recovery rates can be calculated for the 
total procedure (including concentration-procedure). This has been executed in an identical way 
as described before, only instead of the reference indicators, a PAH containing solution has 
been combined with BP200T. 
Table 3.8 Recovery rates of PAH’s after separation-concentration procedure (Glass fiber 
filters) 
Total procedure Direct solution Recovery rate (%)  
mean sd mean sd  
Acenaphtylene 24804 4916 31539 2028 79 
Fluorene 129272 30478 159471 4520 81 
Phenantren 562795 120850 691497 37564 81 
Anthracene 541373 136228 678928 54441 80 
Fluoranthene 621094 138168 770480 62119 81 
Pyrene 633419 146853 783613 64200 81 
Seven PAH’s are combined with BP200T and glass fiber filters and are extracted according to the 
new developed method (total procedure, n=6). Next to these samples, a solution is prepared 
containing the same amounts of substances (direct solution, n=3). Both extracts are analyzed, 
and the TIC’s are presented in the table (mean and standard deviations). 
Recovery rates are about 80% for all substances. Because of the fact that PAH analysis in 
dielectric is performed in the same way, and because no glass fiber filters are included, no 
additional tests have been done to establish recovery rates. 
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3.1.2.3 Nickel and Chromium in aerosol / dielectric 
Nickel and chromium are analyzed with AAS. The analyzing procedure is already present at the 
Institute of Hygiene and Environmental Medicine. These procedures are used in the course of 
this project, and they are not optimized. This paragraph therefore only describes the validation 
of the preparation procedures. 
Preparation of glass fiber filter 
Three nickel solutions are prepared containing 0, 5.1 and 10.5 µg Ni / g. BP200T. Next to these 
nickel solutions, three chromium solutions are prepared containing 0, 5.1 and 10 µg Cr / g. 
BP200T These solutions are added to glass fiber filters (n=3). After AAS analysis, the calculated 
results are compared to the original data.  
Table 3.9 Overview for nickel and chromium recovery rates. 
 Prepared concentration [µg/g.] Calculated concentration [µg/g.] Recovery rate [%] 
0 -0.5 - 
5.1 2.5 49 
Nickel 
10.5 6.8 65 
0 0.6 - 
5.1 5.7 112 
Chromium 
10 10.9 109 
Prepared, calculated concentrations and recovery rates for three different nickel and chromium 
solutions (n=3). 
As can be seen in table 3.9 , nickel recovery rates are relatively low. Chromium recovery rates 
are above 100%. Because of the fact that the variation is about 10%, this is a cause of normal 
variations occurring during analysis. 
3.1.2.4 Genotoxicity of aerosol 
The umu-C test as used for determining genotoxic potential of aerosols that are formed during 
EDM, is originally developed for analyzing water-based extracts. During this project, instead of 
water-based extracts, oil-based extracts are made in DMSO. These DMSO solutions are tested 
for genotoxicity. Initial tests have shown that a concentration of 4% DMSO does not results in 
genotoxic effects in umu-C test systems. The only change in umu-C analyses is the use of 
DMSO (4%) as the solvent for dilution (instead of water). All other procedures remain equal.  
Preparation 
To determine whether the extraction procedure has any influence on the final LID-value (lowest 
ineffective dilution) a test has been constructed. Because b[a]p (benzo[a]pyrene) is the most 
toxic PAH and because PAH are formed during the process of EDM, the test is based on b[a]p 
as a reference for PAH. Four different procedures are followed: 
1.) 500 µl of b[a]p solution (1500µg/ml cyclohexane) + 10µl BP200T is added to a glass fiber 
filter. The extraction procedure is started. At the end a DMSO solution (4%) remains with a 
theoretical b[a]p concentration of 10 µg/ml. 
2.) 500 µl of b[a]p solution (1500µg/ml cyclohexane) + 10µl cyclohexane is added to a glass 
fiber filter. The extraction procedure is started. At the end a DMSO solution (4%) remains 
with a theoretical b[a]p concentration of 10 µg/ml. 
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3.) 500 µl of b[a]p solution (1500µg/ml cyclohexane) + 10µl BP200T is combined (no filter is 
added). The extraction procedure is started. At the end a DMSO solution (4%) remains with 
a theoretical b[a]p concentration of 10 µg/ml. 
4.) A direct b[a]p solution is prepared in DMSO 100%. This is diluted to 4% and results in a 
b[a]p concentration of 10 µg/ml. 
The umu-C test is performed using the four above mentioned extracts as samples. 
Table 3.10 Results of the umu-C assay in validation of extraction procedure (cyclohexane 
as solvent) 
Parallels P-1 P-2 P-3 P-4 
1 12 6 12 12 
2 12 12 12 12 
3 12 12 12 48 
Four procedures are represented, procedure 1-4 (P1-P4). LID values are shown in the table for 
three parallel measurements. P-1 (500 µl of b[a]p solution (1500µg/ml cyclohexane) + 10µl 
BP200T added to a glass fiber filter), P-2 (500 µl of b[a]p solution (1500µg/ml cyclohexane) + 
10µl cyclohexane added to a glass fiber filter), P-3 (500 µl of b[a]p solution (1500µg/ml 
cyclohexane) + 10µl BP200T (no filter is added)) and P-4 (b[a]p solution prepared in DMSO 
100%). 
There are several conclusions that can be withdrawn from this table. At first it can be seen that 
the interference during the extraction procedure does not cause high differences regarding LID 
values. Dielectric (P-1 <-> P4), Filter (P-2 <-> P-4) and cyclohexane-extracts (P-3 <-> P-4) do 
not result in high variations. Second, it can be concluded that there is a loss in effect. This 
effect-loss cannot be quantified, but an attempt is made. The mean induction rates of the first 
dilution step (GEU = 1.5) of  P-1 is equal to 1.75, the mean IR of P-4 is equal to 1.84. This will 
be defined as a recovery rate of 96%. Third, and last conclusion is that, regarding P-1, a 
minimal b[a]p concentration of 0.83 µg/ml is required (10µg/ml / 12) to result in a genotoxic 
effect. If this is used in backward calculations, a glass fiber filter should contain a minimal 
amount of 6.23 µg b[a]p (assuming no loss of b[a]p during extraction). 
The same experiment has been performed for dichloromethane (DCM) as a solvent. The results 
are represented in the following table. 
Table 3.11 Results of the umu-C assay in validation of extraction procedure (DCM as 
solvent) 
Parallels P-1 P-2 P-3 P-4 
1 24 24 12 12 
2 12 6 12 24 
3 12 12 12 48 
Four procedures are represented, procedure 1-4 (P1-P4). LID values are shown in the table for 
three parallel measurements. P-1 (500 µl of b[a]p solution (1500µg/ml DCM) + 10µl BP200T 
added to a glass fiber filter), P-2 (500 µl of b[a]p solution (1500µg/ml DCM) + 10µl DCM added to 
a glass fiber filter), P-3 (500 µl of b[a]p solution (1500µg/ml DCM) + 10µl BP200T (no filter is 
added)) and P-4 (b[a]p solution prepared in DMSO 100%). 
The same conclusions can be withdrawn as before. A recovery rate can also be calculated to 
compare both methods. For the ‘DCM’ procedure it equals 99.3%. Because of this higher 
‘recovery rate’ the DCM procedure is used for characterization of emissions. 
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3.1.3 Sampling 
As mentioned in paragraph 3.1.1, reliability is a measure for the existence of random errors in 
an investigation. Increasing the sample-size will reduce the random errors. This section will 
discuss the determination of an optimal sample size. 
3.1.3.1 Determination of sample size 
Inferential statistics is a necessary instrument if certain correlations between two or more 
parameters are to be determined using a random test population. Two errors can be introduced;  
1. type 1 error: determine a correlation which is actually not present; 
2. type 2 error: determine no correlation which is actually present. 
The type 1 error (α) is usually set to 0.05. Unfortunately the probability to make the type 2 error 
is not directly clear. This depends on certain aspects. In the test-system the most important 
factor that can be influenced is the size of our test-population, or sample size. Increasing the 
sample size will decrease the probability to make a type 2 error, and therefore increase the 
power of the test-system. Next to that noise producing factors, which produce variance in our 
dependent variable (concentrations in air) that can not be explained by an independent variable 
(EDM adjustments), can be minimized.  
Emission based monitoring is performed to establish response-relationships between specific 
technical adjustments and resulting amounts of emissions. Because of the relatively small 
differences between the technical adjustments it is extremely important to preset a power, to 
know how established differences can be interpreted. In case of immission based monitoring, 
the main goal is the implementation of the developed and optimized monitoring techniques in an 
industrial environment. Because of several uncontrolled parameters, like other emission 
producing machines, air-flow and temperature differences etc., it is impossible to preset a power 
and calculate a sample size. Therefore in immission based monitoring the results are expressed 
as means with accompanying standard deviations. These values are compared with limit values 
for the assessment of a preliminary risk. 
Next paragraphs describe the statistical analyses, that are performed for calculating sample 
sizes in emission based monitoring using aliphatic hydrocarbons on filter (aerosols) as a 
reference. 
3.1.3.2 Aliphatic hydrocarbons in aerosol 
Aerosolic fraction 
The glass fiber filters are not exposed to equally divided emission loads. A test for flow 
homogenicity proved that the absolute variability between different locations on the filter is 
relatively constant and thus reproducible. Three different measurements are pulled through on 
three different points of time. Adjustable parameters at the EDM installation are equal for all 
measurements (table 3.12). 
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Table 3.12: Parameter adjustments during emission based monitoring for flow-
homogenicity testing 
Parameters Adjustments 
Worktool R8500 
Workpiece X3NiCoMoTi 18 9 5 
Current 128 A 
Dielectric  BP 200T 
Dielectric level 60 mm 
 
For comparison of the three different glass fiber filters a mask is used which contains 17 equally 
divided holes (diameter 18 mm). A small mark at the filter (reference point for the way the filter 
is placed in the air filtration system (AFS) before sampling) ensures that all holes reflect specific 
locations at the sampling point in the AFS.  
For all three measurements the 17 locations are punched out of the glass fiber filters. The 
remaining 51 samples are prepared and analyzed (as described later in this paragraph). The 
amount of aliphatic compounds (reference BP 200T) is determined per filter-location. All results 
are expressed as total ion counts (TIC), see paragraph “Analysis and quantitative 
determination: GC/MS”. The results for each of the three measurements are related to the TIC 
of the internal standard (28.8 µg d26-dodecane /ml cyclohexane). Figure 2.16 summarizes the 
results of these measurements. 
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Figure 3.7 Results of flow-homogenicity test expressed as standardized total ion counts (TIC). All 
filter locations marked with an ‘A’ are selected for analysis of aliphatic hydrocarbons, 
all locations marked with an ‘H’ are selected for analysis of the heavy metals, nickel 
and chromium. 
A statistical calculation of ‘Power’ has been performed to define the number of parallel samples 
that has to be analyzed per EDM parameter adjustment. Hereby it is possible to determine 
statistical significant differences between different EDM parameters. The calculation used for 
this ‘Power’ analysis is: 
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N1 = N2 = (Z1-β + Z1-α/2)2 * (2δ2 / (µ1 - µ2 )2) 
 
N = number of parallels for each measurement 
β = type 2 error 
α = type 1 error 
δ2 = variance 
µ1 = mean of the measurement of 1st group 
µ2 = mean of the measurement of 2nd group 
As input for this calculation the type 1 error (α) is set on 5%. This means that there is a 5% 
probability that a difference between two parameters is being classified as a statistical 
difference, while actually no difference is present. The type 2 error (ß) is set on 20%, which 
means that there is a 20% probability that an actual difference between two parameters is 
classified as a not existing difference, or in other words, to reach a power (1 – ß) of 80%. This 
calculation should give an indication about the number of parallels being used. The actual 
differences are being determined using variance (ANOVA) and multiple regression analyses. 
The mean of all 51 analyzed samples is used as µ1 and equals 131516 TIC’s. The standard 
deviation (δ) of the same group is used for the calculation of variance (δ2). δ equals 21574 
TIC’s. The mean of the group that is used for comparison (µ2) is set on (0.9 * µ1) which equals a 
difference of 10%. These input variables result in a calculated number of 15.4 parallels per 
measurement. Because of the fact that we sample during three day periods this is set on 18 
(first round number that can be divided by three). 
This means we have to take six samples for each three day periods per EDM adjustable 
parameter, to be able to determine a difference (of 10% or higher) between another EDM 
adjustable parameter with a power of 80%. Six locations (marked with an ‘A’) are selected for 
analysis of aliphatic hydrocarbons. This selection is done by choosing six points that have 
means (of three day periods) between 130000 and 145000 TIC’s. This selection of relative 
homogeneous points decreases possible noise and thereby increases the power. 
Gas fraction 
For gas sampling, total flow in the main stream air is sampled. Because of the fact that all XAD-
2 material is mixed before extraction procedures start, there is no necessity to establish a 
minimum sample size. Variation due to sampling and location of XAD-2 in the container will be 
standardized by this procedure. 
3.1.3.3 Other aerosolic compounds 
Nickel and chromium 
Nickel and chromium show lower variations in analysis. Sampling locations on the glass fiber 
filter will probably be the main parameter for high differences in results. Because of the fact that 
these differences will probably not be higher than those determined with aliphatic compound 
detection six samples (cut from one filter) should be enough to reach the demands of this 
project.  
PAH in aerosol / dielectric and Genotoxicity of aerosol 
Power calculations have no use because due to concentrating procedures and efficiency 
reasons not more than one sample remains per sampling day.  
The power analysis is a good indicator for sample size, necessary to detect specific differences 
between different adjustments. Next to that, at the end of the analysis phase all results are 
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evaluated using statistical methods. Differences can therefore be established even if despite 
these pre-calculated powers. 
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3.2 Emission based monitoring 
The encased structure at the laboratory of machine tools, RWTH Aachen, offers the possibility 
to measure the variation of emissions caused by different technical adjustments at the machine 
itself. Qualitative and quantitative analyses of these emissions are standardized and controlled. 
Once gathered, the results can be combined in such a way to give an indication of variation in  
the surrounding environment of the EDM installation, regarding its health influencing status. The 
main objective of this research-project can be reached by determining the combination of 
specific technical adjustments causing an optimal emission load.  
Dielectric and slurry can not be controlled regarding their state of pollution, in other words; 
analytical results gathered during EDM with specific technical adjustments can not be used as a 
fingerprint for that specific situation. For this reason only air samples are gathered and analyzed 
to achieve the above mentioned main objective. 
The air-emissions that arise due to the variations in technical adjustments, are quantified using 
chemical analyses. Use of chemical analyses allows us to compare the different technical 
adjustments with each other. The use of a biological testsystem with a not separated sample-
extract has the great advantage of integrating possible interactions between substances. They 
allow direct integral examination of samples in the form of measurement of one effect-
parameter (f.e. measure of mutagenicity). Biological test-systems are used to judge the general 
hygienic conditions of air, dielectric and slurry in a worst-case scenario. 
Next to air samples, dielectric and slurry are also chemically investigated. For reasons 
mentioned above, only a worst-case scenario has been sampled (current=192A and 
level=35mm).  
Three main parameters are varied regarding their adjustments; different combinations of work-
tool / piece, different dielectric levels and last, different currents. All adjustments are set and 
during the process samples are taken. Table 2.8 describes the combinations of above 
mentioned variations.  
Emission based monitoring has been performed in the period from 01-02-2001 until 01-09-2001. 
In this period, in total 20 days, several technical adjustments have been set and sampled. When 
compared to table 2.8, test numbers 1-6 are sampled during 6 sampling days (1 parallel day per 
adjustment tested). Test numbers 7-10 are sampled during 12 sampling days (3 parallel days 
per adjustment tested) and  test number 11 is sampled during 2 sampling days (2 parallel days). 
During each sampling-day different additional parameters have been documented. Table 3.13 
shows an overview of these parameters, documented during one sampling day (in this example: 
day 1, date 05 February 2001). 
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Table 3.13 Registration parameters per sampling day 
Sample Adsorber Time M_adj Vel. Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_0502 8.3 66 3.09    25.5 32.7  
2 FS_0502 6.5 64 2.97 2.5 5.1 2.6 26.2 32.5  
3 XN_0502 8.3 96 1.11    32 30.9  
4 XS_0502 6.4 97 1.06 5.1 7.7 2.6 32.9 24.3  
5 Y10577 11.2 19 1.09 7.7 12.2 4.5 22.1 31 961 
6 Y11179 11.3 19 1.36 12.2 16.7 4.5 24.3 28.6 960 
7 Y 11.3 18 1.27 16.7 21.2 4.5 24.7 29.1 964 
8 Y05477 10.0 19 1.09    22.9  972 
9 Y07806 10.0 19 1.36    23.9  971 
10 Y05816 10.0 18 1.27    24.7  973 
11 Dlc_0502          
12 Slr_0502*          
Per sampling day: 12 sampling activities, resp. negative control filter (FN_..), sample filter (FS_..), 
negative control XAD-2 (XN_..), sample XAD-2 (XS_..), three sample Tenax tubes (Y..), three negative 
control Tenax tubes (Y..), Dielectric (Dlc..), Slurry (Slr..). Per activity following parameters are 
documented: sampling time (Time), Adjustment at Mahle pump (M_adj.), Air velocity in tubes (Vel.), 
Depth of worktool in workpiece at start point (t0) and end point (t1), Temperature at end of activity 
(Temp.), Relative humidity at end of activity (Humidity), Mean pressure (Pressure). 
All registration parameters monitored during emission based monitoring are documented and 
collected in chapter 8, figure 8.38 to figure 8.57. As can be seen in figure 3.13, sinking depth 
can only be determined during actual EDM processing (‘positive’ samples). Humidity is not 
documented during the negative controls of the BTEX (Tenax) sampling. Positive controls as 
well as negative controls (BTEX) are collected at the same time. Humidity, registrated during 
positive sample collection is therefore also valid for the negative controls. Pressure could not be 
collected during glass fiber filter and XAD-2 sampling due to absence of a decent pressure 
monitoring system. The last two samples (Dlc_ and Slr_) are only presented to indicate the 
actual sampling of these media. No additional parameters have been documented. 
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3.2.1 Environmental parameters 
0
5
10
15
20
25
30
35
40
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Sampling day [number]
Te
m
pe
ra
tu
re
 [º
C
]
Filter XAD-2 Tenax
 
Figure 3.8 Overview of temperature-development measured during three sampling procedures, 
resp. Filter- (sample nr. 2 in table 3.13), XAD-2- (sample nr. 4 in table 3.13) and Tenax-
sampling (mean of sample nr. 5, 6, 7 in table 3.13), per sampling day.  
XAD-2 has only been documented until day 12. During days 13-20 no XAD-2 measurements 
have been performed. Because of high intra- and inter-day variations in GC/MS and IR of XAD-
2 extracts, no additional information could be retrieved by this analysis. Furthermore XAD-2 
sample preparation has a high workload.  
It can be seen that temperature levels do not vary extremely between sampling days. The 
existing variations can be explained by the normal seasonal weather and temperature 
fluctuations (air is withdrawn from outside). Sampling days 13-20 are executed in the months 
June and July. 
There seems to be a repeatable trend in temperature development for each sampling day. At 
the end of the XAD-2 measurements temperature levels are about 5 degrees higher (as 
compared to initial values). However, at the end of the Tenax measurements, temperature 
levels are even lower than the initial temperatures. The increase in temperature during the first 
part of the sampling day can be explained by the fact that the dielectric is warmed up during the 
EDM process itself. Emissions will therefore show higher temperature values as time passes. 
The decrease in temperature at the end of the process can be explained by the fact that during 
the Tenax measurements, air flow (and velocity) is minimized (to prevent break through). 
Aerosols and gas clouds therefore have more time to cool down before the measurement point 
is reached. 
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Figure 3.9 Overview of relative humidity measured during three sampling procedures, resp. Filter - 
(sample nr. 2 in table 3a), XAD-2 - (sample nr. 4) and Tenax – sampling (mean of 
sample nr. 5, 6, 7), per sampling day.  
XAD-2 data is missing for the same reasons as mentioned earlier. All data is missing from day 
13 and partial data from day 19. The inter-day variations can be explained by seasonal 
variations. Humidity is strongly dependent on weather conditions. Rainy weather will increase 
humidity and as a cause of this air guided through the tubes will show humidity increases too. 
No information has been documented with regard to these weather conditions.  
The intra-day variation seems to show a repeatable trend; first a decrease in humidity values 
followed by an increase during the last part of the sampling activities. This can be explained by 
the temperature developments. The higher the temperature of air, the more water can be 
evaporated into the same air. This phenomenon therefore results in decreased relative humidity 
values as temperature rises, and vice versa.  
To avoid confounding intra-test activity from possible flow-variations, the flow is kept constant 
by manually adjusting the main air-flow pump depending on the velocity changes. These 
adjustments are expressed as percentage of maximum air flow capacity. The maximum 
adjustment is 105%. The possibility of adjusting flow-levels makes control of velocity-levels 
possible also. This is necessary for quantification of specific emissions after analyses and also 
for reasons of isokinetic sampling. Figure 3.10 shows the manually adjusted values of this 
percentage and the resulting air velocities in the air-tube. 
S.EVERTZ – ELECTRICAL DISCHARGE  MACHINING: EXPOSURE ASSESSMENT 
77 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Sampling day [number]
Ve
lo
ci
ty
 [m
/s
]
0
20
40
60
80
100
M
ah
le
 a
dj
us
tm
en
t [
%
]
Filter - Velocity XAD-2- Velocity Tenax- Velocity
Filter - Mahle adjustment XAD-2 - Mahle adjustment Tenax - Mahle adjustment
 
Figure 3.10 Overview of air velocities measured, and Mahle adjustments set, during three 
sampling activities, resp. Filter (sampling nr. 2 in table 3a), XAD-2 (sampling nr. 4) and 
Tenax (mean of sampling nr’. 5, 6, 7), per sampling day.  
Figure 3.10 summarizes the velocities measured during the different sampling activities and 
plots these values against the manually set adjustments at the Mahle-pump. During filter-
sampling the velocities stay relatively constant. Variations up to 0.5-1.0 m/s are registered. 
XAD-2 sampling and tenax-sampling show variations up to 0.25-0.5 m/s resp. 0.5-1.0 m/s. 
During filter sampling Mahle air-flow has to be manually adjusted continuously. XAD-2 sampling 
does not require continuous adjustment setting. During tenax sampling, day 10-13 show very 
high adjustment variations. Because of the fact that the glass-fiber filter units, which are 
standard equipment of the Mahle filtration system, are built in the ventilation system (only during 
tenax sampling), pollution of those units can cause higher resistance and subsequently higher 
adjustment settings to achieve equal velocities. At the end of day 13, the filter units are cleaned 
by running the air filtration system at maximum flow conditions (1350 m3/hr) for 24 hours, with 
the specific units built in the system. At day 14, the adjustment settings normalize again.  
In case of XAD-2,  Mahle adjustments are maximal (105 %). Measured velocities are very low, 
which indicates that the container filled with XAD-2 causes very high resistance in the air 
ventilation system. This can influence the quantitative results of the gaseous part of air because 
of unknown concentrating effects. 
3.2.2 Technical adjustments: Work-tool and work-piece variations 
Two graphite work-tools (R8340, R8500) and three work-pieces (X3NiCoMoTi, 56NiCrMoV7, 
X36CrMo17) are tested for their effects on emission loads of cyclohexane extractable matter, 
aliphatic hydrocarbons, polycyclic aromatic hydrocarbons, nickel, chromium and BTEX 
(benzene, toluene, ethylene-benzene and xylene). Table 3.14 summarizes the planned dates. 
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Table 3.14 Overview of the sampling days and accompanying combinations of technical 
adjustments sampled (current = 128A, level = 60mm). 
Date Work-piece Work-tool 
05-02-2002 X3NiCoMoTi R8500 
19-02-2002 X3NiCoMoTi R8340 
07-03-2002 56NiCrMoV7 R8500 
22-03-2002 56NiCrMoV7 R8340 
29-03-2002 X36CrMo17 R8500 
10-04-2002 X36CrMo17 R8340 
3.2.2.1 Gravimetric determination of cyclohexane extractable matter 
Cyclohexane extractable matter can be regarded as an analytical sum-parameter because it 
combines different groups of mostly hydrophobic (cyclohexane solvable) substances.  
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Figure 3.11 Means and standard deviations of cyclohexane extractable matter of glass fiber filter. 
Filters are sampled during EDM with the following adjustments; three work-pieces 
(X3NiCoTi, 56NiCrMoV7, X36CrMo17) in combination with two work-tools each (R800, 
R8340); 128A (Current); 60mm (Dielectric level); BP200T (Dielectric). All adjustments 
are analyzed using 6 parallel samples. 
There is an increasing effect on cyclohexane extractable matter of usage of the graphite tool 
R8340. This trend is visible in all three combinations with the work-pieces. Between work-
pieces, there is also a visible effect. When combined with R8340, 56NiCrMoV7 has the lowest 
value, followed by X3NiCoMoTi and X36CrMo17, respectively. The same trend (only not as 
high) is visible when the work-pieces are combined with R8500.  
To determine statistically, whether certain combinations of parameters differ, post hoc range 
tests and pairwise multiple comparisons can determine which means differ. Pairwise multiple 
comparisons test the difference between each pair of at an alpha level of 0.05. Bonferroni is the 
commonly used multiple comparison tests. The Bonferroni test, based on Student’s t statistic, 
adjusts the observed significance level for the fact that multiple comparisons are made. The 
results from these statistical analyses are expressed in chapter 8, figure 8.1 and table 8.1. 
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The statistical results indicate a significant difference between all R8500 and R8340 
combinations. Furthermore almost all workpiece-combinations differ significantly from each 
other. Only 56NiCrMoV7-R8500 and X3NiCoMoTi-R8500 do not differ when compared 
(p<0.05).  
3.2.2.2 Analysis of aliphatic hydrocarbons using GC/MS and IR 
Aliphatic hydrocarbons are analyzed as an analytical sum-parameter using two different 
analyzing techniques. Glass fiber filter and XAD-2 are used for sampling. 
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Figure 3.12 Aliphatic compounds in filter- and XAD-2 samples, analyzed with GC/MS and IR at six 
work-piece and tool combinations (current=128A, dielectric level=60mm). All means 
and SD’s are quantified using 3-6 parallel samples. 
Comparison: Work-piece and Tool  
For filter analyses with GC/MS as well as IR the data in figure 3.12 indicate that all work-piece 
combinations with tool R8340 have higher resulting aliphatic compound concentrations as those 
combinations with R8500. The same trend is visible for XAD-2 analysis. However, only in 
GC/MS, the combination X36CrMo17 – R8340 is lower than its corresponding combination with 
R8500. The differences between R8340 and R8500 combinations are statistically significant for 
all analyzed matrices (but one; IR-XAD-2) according to the tables 8.2, 8.3, 8.4 and 8.5 in 
chapter 8 (p<0.05).  
The increased emission of aliphatic compounds in case of R8340 combinations can be a result 
of its physical properties. Table 3.15 shows the properties of both tools [Karden, A. 2001]. As 
can be seen, R8340 has a higher electrical and thermal conductivity which may lead to higher 
removal rates and temperatures. 
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Table 3.15 Physical properties of work-tools 
 R8340 R8500 
Density [g/cm3] 1.75 1.77 
Particle diameter [µm] 15 10 
Pore diameter [µm] 2.0 1.5 
Electrical conductivity [mS/mm2] 0.083 0.071 
Thermal conductivity [W/mK] 90 80 
Thermal expansion [10E-6/K] 2.9 3.9 
Rockwell hardness B [HR5/100] 80 70 
 
Between work-pieces, there is also a visible effect. X3NiCoMoTi combinations have the lowest 
value, followed by 56NiCrMoV7- and X36CrMo17-combinations with R8500 and R8340, 
respectively. It can be seen that this trend is not valid for two sets of values; X36CrMo17-R8340 
(GC/MS-XAD2) is far lower than the other work-pieces analyzed with GC/MS-XAD-2. 
X3NiCoMoTi-R8340 (IR-Filter) gives the highest amount of aliphatic hydrocarbons when 
compared with the other work-piece combinations (IR-Filter). Tables tables 8.2, 8.3, 8.4 and 8.5 
in chapter 8 indicate that most differences between work-piece combinations are statistically 
significant (p<0.05). Only the following combinations show no significant difference:  
GC/MS-Filter: X3NiCoMoTi and 56NiCrMoV7 combined with R8340 
GC/MS-XAD-2: X3NiCoMoTi and X36CrMo17 combined with R8340 
IR-Filter: X3NiCoMoTi and 56NiCrMoV7 for both Tools 
IR-XAD-2: X3NiCoMoTi and 56NiCrMoV7 for both Tools and X36CrMo17 and 56NiCrMoV7 
combined with R8500 
Comparison: Filter and XAD-2 
The quantified aliphatic hydrocarbons on filters are higher (about 2 times) than the amount 
quantified on XAD-2. This trend is visible for GC/MS analysis as well as IR analysis. . It can be 
concluded that more aliphatic compounds are present in the aerosolic fraction compared to the 
gaseous fraction of air (factor 2). No differences are tested on significance using Bonferroni 
analyses. However, regarding the standard deviations of all means, the statistical significance of 
this trend is clear. 
Comparison: GC/MS and IR 
If the two analyzing techniques are compared, it can be directly seen from figure 3e that GC/MS 
results show higher aliphatic hydrocarbons quantities for all combinations (about 2 times). No 
differences are tested on significance using Bonferroni analyses. However, regarding the 
standard deviations of all means, the statistical significance of this trend is clear. 
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3.2.2.3 Analysis of BTEX using thermal desorption followed by GC/MS 
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Figure 3.13 BTEX quantified using Tenax tubes (n=3), sampled at six different work-piece and tool 
combinations (current=128A, dielectric-level=60mm).  
Benzene, toluene, ethylene-benzene and xylene are individually quantified during EDM with six 
different work-piece and tool combinations. As can be seen in figure 3.13, there is no visible 
trend present in BTEX emissions caused by either R8340 or R8500 tools. There is also no trend 
visible for work-pieces. These interpretations are supported by the results of the statistical 
analyses, expressed in chapter 8, table 8.6 and figure 8.6. Only for benzene results there are 
significant differences (p<0.05). For the other substances, toluene, ethylene-benzene and 
xylene no significant differences exist. 
The mean distribution of BTEX among EDM emissions is about 84% benzene, 12% toluene, 2% 
ethylene benzene and 2% xylene. These percentages vary up to a maximum of 3% for benzene 
and toluene between the six different technical adjustments. 
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3.2.2.4 Analysis of PAH using GC/MS 
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
      
      
     
     
     
     
      
      
      
      
      
      
     
     
      
      
      
      
      
      
      
     
     
     
     
     
     
     
     
     
     
     
     
     0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
Polycyclic Aromatic Hydrocarbons
To
ta
l E
m
is
si
on
[µ
g/
m
in
]
X3NiCoMoTi - R8500 1.22 0.18 0.85 0.62 0.47 1.00
   
X3NiCoMoTi - R8340 0.11 0.03 0.86 0.10 0.55 0.40
56NiCrMoV7 - R8500 0.13 0.08 0.66 0.09 0.42 0.30
   
56NiCrMoV7 - R8340 0.10 0.12 0.63 0.05 0.44 0.45
X36CrMo17 - R8500 0.09 0.05 0.59 0.05 0.42 0.38
   
X36CrMo17 - R8340 0.03 0.09 0.80 0.12 0.56 0.68
Acenaphtylene Fluorene Phenanthrene Anthracene Fluoranthene Pyrene
 
Figure 3.14 Polycyclic aromatic hydrocarbons quantified individually on glass fiber filter (n=1), 
sampled at six different work-piece and tool combinations (current=128A, dielectric-
level=60mm).  
Of all 16 EPA PAH’s searched for, only 6 individual PAH’s are actually found and quantified. 
These PAH’s are detected in emissions during electrical discharge machining with all six tool 
and work-piece combinations. Due to limitations of the extraction-concentration-procedure (for 
maximal concentration of the extract all samples have to be combined in 1 sample) only one 
parallel sample is analyzed. No statistical analysis is executed for this reason. As can be seen 
in figure 3.14, no trends appear to be present for all 6 substances in relation to the tools and 
work-pieces used. 
As can be seen in this plot, R8500 seems to cause a higher emission load compared to R8340 
(combined with X3NiCoMoTi). For the other two work-pieces the opposite seems to be the 
case. Because only one sample is analyzed, no direct conclusions can be withdrawn from either 
plot. 
The mean distribution of PAH among EDM emissions is about 5% acenaphtylene, 4% Fluorene, 
38% phenanthrene, 4% anthracene, 25% fluoranthene and 24% pyrene.  
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3.2.2.5 Analysis of Nickel and Chromium using AAS 
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Figure 3.15 Nickel and chromium quantified individually on glass fiber filter (n=4), sampled at six 
different work-piece and tool combinations (current=128A, dielectric-level=60mm).  
Regarding a possible influence of tool on emission-load of nickel or chromium, it is shown in 
figure 3.15, that apart from X36CrMo17 (where R8500 causes higher chromium emission 
loads), there is no correlation visible. This conclusion is supported by the statistical analyses, 
expressed in chapter 8, figure 8.7. 
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Figure 3.16 Proportion of nickel and chromium in EDM emissions in air of three work-piece 
adjustments. The mean emissions (of nickel and chromium) of R8340 and R8500 
combinations with these work-pieces are calculated. It is assumed that the sum of 
both amounts is equal to 100%. 
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Regarding last two figures, it can be seen that emissions of nickel as well as chromium is 
strongly dependent on the type of work-piece used;  
X3NiCoMoTi combinations cause high nickel emissions and hardly no chromium emissions; 
56NiCrMoTi combinations result in (almost equal) low nickel and low chromium emissions; 
X36CrMo17 combinations result in hardly no nickel emissions and high chromium emissions. 
Table 3.16 Atomic structure of workpieces  
Workpiece C Si Mn Cr Mo W V Ni Co Ti 
56 NiCrMoV7 0.55 0.25 0.65 1.1 0.5 0 0.1 1.65 0 0 
X3 NiCoMoTi 0.03 0 0 0 5 0 0 18 10 1 
X36 CrMo17 1.9 0 0 20 1 0.6 4 0 0 0 
The atomic structure of the three workpieces used during EDM are expressed. The relative 
amounts of the different atoms in these structures are plotted (%).  
As can be seen in the atomic structure of the work-pieces, the observed differences of the two 
substances among EDM emissions are almost equal to the percentages of both substances in 
the atomic structure mentioned above. 
3.2.2.6 Summary of results ‘tool and work-piece combinations’ 
Two tools are tested for their effect on emissions during EDM, R8340 and R8500. According to 
the results, R8340 causes increased emissions of aliphatic compounds when compared to 
R8500. The fraction of cyclohexane extractable matter is also increased using R8340. These 
emissions particularly are aerosol emissions, gathered on glass fiber filter. Other parameters 
that are measured using glass fiber filter (PAH and nickel/chromium), in contrast, not result in 
increased amounts in emissions. Amounts remain equal for both tools. 
Three work-pieces are tested for their effect on emissions during EDM, X3NiCoMoTi, 
56NiCrMoV7 and X36CrMo17. According to the results, X36CrMo17 causes highest emissions 
of aliphatic compounds and cyclohexane extractable matter as compared to the other two work-
pieces. PAH and BTEX emissions are not elevated for that work-piece. Instead, however very 
small, X3NiCoMoTi causes increased emissions for those substance-groups. PAH analysis 
actually can not be used to compare emissions caused by the different work-pieces because 
the amounts are the result of one-point measurements for reasons mentioned earlier. In BTEX 
analysis, only benzene amounts are increased slightly for X3NiCoMoTi. Concerning 
temperature differences at the BTEX sampling location it can be seen that between the 
sampling days temperature is increased for about 2.5-3ºC during the sampling days using 
X3NiCoMoTi as the work-piece. Concerning nickel and chromium emissions, highest emissions 
of nickel are found in those situations using X3NiCoMoTi as the work-piece and highest 
chromium emissions are found when X36CrMo17 is used as the work-piece. Both results are in 
compliance with the physical properties of both work-pieces; X3NiCoMoTi contains nickel but no 
chromium; X36CrMo17 contains chromium but no nickel. 
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Table 3.17 Ratings of different adjustments regarding their influence on emission loads 
 CEM Aliph. GC Aliph. IR BTEX PAH Ni Cr 
R8500 + + + + + + + Tool 
R8340 +++ +++ +++ + + + + 
X3NiCoMoTi ++ + + ++ ++ +++ + 
56NiCrMoV7 + ++ ++ + + ++ ++ 
Work-piece 
X36CrMo17 +++ +++ +++ + + + +++ 
Overview of ratings of different analyses; Cyclohexane extractable matter (CEM), aliphatic 
compounds with GC/MS (Aliph.GC) and IR (Aliph.IR); BTEX-total with TD-GC/MS (BTEX); PAH-
total with GC/MS (PAH), Nickel with AAS (Ni) and Chromium with AAS (Cr). The symbols ‘+’ is 
used to compare the influence of the respective tools/workpieces on emission loads. In order of 
loads this means; low emission load (‘+’), middle emission load (‘++’), high emission load (‘+++’). 
This table can be used to compare the different technical settings regarding their influence on 
emissions of specific substances. As can be seen, regarding the tools; R8340 has the highest 
influence on total emission-load, and regarding the work-pieces; X36CrMoV7 has the highest 
influence on total emission-load. 
3.2.3 Technical adjustments: Variations in dielectric level 
Based on table 3.17, tool R8340 and work-piece X36CrMoV7 are selected (because of their 
highest overall effect on emission-loads) as a constant parameter for testing the influence on 
emission-loads due to dielectric level variations (35mm, 60mm, 90mm above EDM processing 
location). Next to these constant variables, EDM current is set on 128A. Emissions are analyzed 
again for cyclohexane extractable matter, aliphatic hydrocarbons, polycyclic aromatic 
hydrocarbons, nickel, chromium and BTEX (benzene, toluene, ethylene-benzene and xylene). 
Table 3.18 Overview of the sampling days and accompanying combinations of technical 
adjustments sampled (Work piece = X36CrMo17, Tool = R8340, Current = 
128A).  
Date Level (mm)  
10-04-2001 60 
15-06-2001 60 
17-04-2001 90 
23-04-2001 90 
30-04-2001 90 
28-05-2001 35 
05-06-2001 35 
11-06-2001 35 
 
Three different dielectric levels are set, keeping all other technical parameters constant. This 
provides the opportunity to estimate the influence of dielectric level on emissions. 
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3.2.3.1 Gravimetric determination of cyclohexane extractable matter 
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Figure 3.17 Cyclohexane extractable matter analyzed on glass fiber filters. Filters are sampled 
during EDM with only dielectric levels variated; 35mm (n=18), 60mm (n=12) and 90mm 
(n=18). 
As can be seen in figure 3.17, no relationship is visible between dielectric level and total 
emission of cyclohexane extractable matter.  
Statistical analyses (Pearson’s Correlation, Linear regression) are performed using SPSS. 
Linear regression estimates the coefficients of the linear equation, involving one or more 
independent variables, that best predict the value of the dependent variable. In this case 
‘cyclohexane extractable matter’ is the dependent variable and ‘dielectric level’ is the 
independent variable. The Pearson correlation coefficients assume the data are normally 
distributed. The Pearson correlation coefficient is a measure of linear association between two 
variables. The values of the correlation coefficient range from -1 to 1. The sign of the correlation 
coefficient indicates the direction of the relationship (positive or negative). The absolute value of 
the correlation coefficient indicates the strength, with larger absolute values indicating stronger 
relationships.  
There is no statistically supported relationship between cyclohexane extractable matter and 
dielectric level (significance = 0.253 (>0.05)). Regarding the linear regression analysis the 
model that uses dielectric level as a predictor for cyclohexane extractable matter as a 
dependent variable is not valid, as can be concluded (significance>0.05). 
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3.2.3.2 Analysis of aliphatic hydrocarbons using GC/MS and IR 
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Figure 3.18 Aliphatic compounds analyzed on glass fiber filters with GC/MS (35mm (n=18), 60mm 
(n=12) and 90mm (n=12)) and IR (35mm (n=18), 60mm (n=12) and 90mm (n=18)), and 
analyzed on XAD-2 with IR (35mm (n=18), 60mm (n=12) and 90mm (n=14)). Samples 
are taken during EDM with dielectric levels varied (Current = 128A, Tool = R8340, 
Workpiece = X36CrMoV7). 
A very small decreasing trend for aliphatic compounds (on filter) in EDM emission with 
increasing dielectric levels, measured with GC/MS is visible. The opposite conclusion can be 
withdrawn from the same matrix, and also for XAD-2, analyzed with IR. The aliphatic 
compounds show an increasing trend with increasing dielectric levels. Statistical analyses are 
performed to support possible trends for all three analyses (GC/MS-Filter, IR-Filter, IR-XAD-2), 
and can be found in chapter 8, figures 8.9 and 8.10. The following models are valid (p<0.05): 
Aliphatic compounds 
GC/MS-Filter [mg/min] = 124.375 – (0.243 * Level [mm]).  Pearson corr.: –0.375 
IR-Filter  [mg/min] = -29.323 + (1.852 * Level [mm]).  Pearson corr:  0.761 
IR-XAD-2  [mg/min] = 36.630 + (0.462 * Level [mm]).  Pearson corr:  0.840 
The statistical analyses indicate that all trends are significant. However, the regression model 
for aliphatic compounds analyzed with GC/MS on filter has a very low correlation coefficient. 
Although this correlation is significant, changes in dielectric level will have very small influence 
on emission of aliphatic compounds analyzed with GC/MS. The other two models do have 
relatively high correlation coefficients. Dielectric level is therefore a good predictor for emission 
of aliphatic compounds analyzed with IR. 
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3.2.3.3 Analysis of BTEX using Thermal desorption followed by GC/MS 
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Figure 3.19 Benzene, toluene, ethylene-benzene and xylene  analyzed on Tenax TA tubes with TD-
GC/MS (35mm (n=7), 60mm (n=6) and 90mm (n=9)). Samples are taken during EDM 
with only dielectric levels varied (Current = 128A, Tool = R8340, Workpiece = 
X36CrMoV7).  
All 4 substances show a decreasing trend in EDM emission with increasing dielectric levels. If 
all 4 substances are equally divided across the different measured emissions (with different 
dielectric-levels) it can be more efficient to use just one substance as a reference for this group 
of substances.  
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Figure 3.20 Benzene, toluene, ethylene-benzene and xylene  proportions analyzed in EDM 
emissions measured during EDM with three different dielectric (Current = 128A, Tool = 
R8340, Workpiece = X36CrMoV7). 
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BTEX proportions remain equal during EDM where only dielectric levels are varied and all other 
adjustments are constant, as can be concluded from this figure. 
Statistical analyses are performed to support these possible trends for all 4 substances 
separately and can be found in chapter 8, figures 8.11, 8.12, 8.13, 8.14. The following models 
are valid (p<0.05): 
Benzene [µg/min] = 528.084 - (4.445 * Level [mm])   Pearson corr. = -0.921 
Toluene [µg/min] = 91.506 - (0.804 * Level [mm])   Pearson corr. = -0.918 
Ethylene-benzene [µg/min] = 11.604 - (0.097 * Level [mm]).  Pearson corr. = -0.832 
Xylene [µg/min] = 7.473 - (0.059 * Level [mm]).   Pearson corr. = -0.549 
All correlation coefficients are significant. Dielectric level is a significant predictor for the 
estimation of benzene, toluene and ethylene-benzene emissions (coefficient > 0.8) and a less 
but significant predictor for xylene (coefficient = 0.5). All correlations are negative. This indicates 
that increased dielectric level results in decreased emissions of BTEX. 
3.2.3.4 Analysis of PAH’s using GC/MS 
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Figure 3.21 PAH’s  analyzed on glass fiber filters with GC/MS (35mm (n=3), 60mm (n=3) and 90mm 
(n=3)). Samples are taken during EDM with only dielectric levels varied (Current = 
128A, Tool = R8340, Workpiece = X36CrMoV7). 
Phenanthrene, anthracene, fluoranthene and pyrene show a strong decreasing trend and for 
acenapthylene and fluorene a weak decreasing trend in EDM emission with increasing dielectric 
levels. Using statistical analyses, the following models are valid (p<0.05): 
Phenanthrene [µg/min] = 1.956 - (0.013 * Level [mm]). Pearson corr. = -0.861 
Anthracene [µg/min] = 0.267 - (0.02 * Level [mm]).  Pearson corr. = -0.904 
Fluoranthene [µg/min] = 1.06 - (0.006 * Level [mm]).  Pearson corr. = -0.867 
Pyrene [µg/min] = 0.902 - (0.004 * Level [mm]).   Pearson corr. = -0.645 
All statistical data can be found in chapter 8, figure 8.15 to figure 8.20. The statistical analyses 
indicate that the emissions of only four PAH can be significantly predicted by dielectric level. 
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Phenanthrene, anthracene and fluoranthene will be influenced more sensitively than pyrene 
(correlation coefficients are higher).  
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
Dielectric level [mm]
To
ta
l E
m
is
si
on
 [µ
g/
m
in
]
PAH total [µg/min] 3.52 3.14 2.09
35 60 90
 
Figure 3.22 Total PAH analyzed on glass fiber filters with GC/MS (Current = 128A, Tool = R8340, 
Workpiece = X36CrMoV7). 
Total PAH variations due to different dielectric levels are plotted. This is of relative importance 
for latter comparison with limit values in risk calculation. The PAH limit value concerns total 
PAH. The statistical model for this decreasing trend is valid (p<0.05) and can be described as: 
PAH-total [µg/min] = 4.504 - (0.026 * Level [mm]).  Pearson corr. = -0.885 
According to these statistical data, total PAH in emissions is predicted significantly using 
dielectric level as the predictive variable. 
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Figure 3.23 PAH proportions analyzed in EDM emissions measured during EDM with three 
different dielectric levels (Current = 128A, Tool = R8340, Workpiece = X36CrMoV7). 
As can be seen in the last figure, phenanthrene proportions in total PAH emissions seem to 
decrease a few percent with increasing dielectric level.  
3.2.3.5 Analysis of chromium and nickel using AAS 
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Figure 3.24 Nickel and chromium analyzed on glass fiber filters with AAS (35mm (n=12), 60mm 
(n=8) and 90mm (n=12)). Samples are taken during EDM with dielectric levels varied 
(Current = 128A, Tool = R8340, Workpiece = X36CrMoV7). 
Only chromium concentrations seem to decrease in EDM emissions as dielectric levels 
increase. Statistical analysis (chapter 8, figure 8.22) is performed to support this trend.  
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Chromium [mg/min] = 3.975 - (0.005 * Level [mm]). Pearson corr. = -0.433 
Although this model is valid (p<0.05), changes in dielectric level will not be reflected in clear 
visible changes in chromium emission. In figure 3.24 this is reflected as an almost horizontal 
regression line.  
Significant chromium concentrations have been analyzed in the emissions. Nickel 
concentrations are very small. The metals used for electrical discharge machining contained 
chromium among others (no nickel). Because chromium is expected to have highest 
toxicological properties this metal has been chosen for analysis. Nickel serves as a control 
substance. Because of the fact that chromium is quantitatively detected, the other metals, 
present in the work-piece (X36CrMoV7), Molybdenum and Vanadium, will probably result in an 
equal relationship with dielectric level. 
3.2.3.6 Summary of results ‘variations in dielectric level’ 
An increase in dielectric level will result in strong decreased emissions of volatile organic 
compounds (BTEX) and less strong decreased emissions of chromium and the polycyclic 
aromatic organic compounds (PAH). In case of aliphatic compounds it is not clear how the 
emissions of those substances are influenced. The results gathered in this project do not show 
strong decreasing effects (GC/MS), but rather an increasing effect (IR). This is in accordance 
with the gravimetric results, which seem to remain equal with increasing dielectric levels.  
The contradiction in quantification of aliphatic compounds can be explained in several ways;  
The first option is that something went wrong during IR analysis. This is however not assumable 
because the measurements are performed during a period of five months, in twelve different 
time spans. In case of a structural error this would be reflected in other measurements too. As 
can and will be seen, the rest of the results always are in compliance with the expectations; 
The second option is that due to differences in extraction procedures (for example, other 
extraction solvents) more or less aliphatic compounds are extracted. However this will not result 
in decreasing values in one, and increasing values in the other analysis.  
The third option is that IR and GC/MS do not measure the same endpoint, aliphatic compounds 
in specific. As is know, IR can give false positive results. This is caused by the measuring 
principle of IR, which is based on the infrared spectroscopic determination of CH-dipole moment 
variation of aliphatic compounds. Mineral oils do show four bands. The position of these bands 
is characteristic for all substances that contain CH-, CH2-, and CH3-groups. This is the basis of 
the problem; this method is not specific for mineral oils (or aliphatic compounds) because of the 
fact that a lot of organic substances also contain these CH-, CH2-, and CH3-groups [BIA 1995, 
Skoog, 1985, 1992, Müller, K., 1992, ]. In combination with the possibility that the different 
extraction procedures can result in different extract-contents this can explain the observed 
difference. Future research can focus on the IR-extracts and try to qualify and quantify other 
than aliphatic compounds. 
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Table 3.19 Significant trends of emitted substances with increasing dielectric levels 
Substance Trend Pearson correlation 
Aliphatic compounds, GC/MS-Filter - 0.375 
Aliphatic compounds, IR-Filter + 0.761 
Aliphatic compounds, IR-XAD-2 + 0.840 
Benzene - 0.921 
Toluene - 0.918 
Ethylene-benzene - 0.832 
Xylene - 0.549 
Phenanthrene - 0.861 
Anthracene - 0.904 
Fluoranthene - 0.867 
Pyrene - 0.645 
Chromium - 0.433 
Emitted substances that are positively (trend ‘+’) or negatively (trend ‘-“) linearly correlated 
with increasing dielectric levels. Trends presented are significant, tested with linear 
regression analysis (SPSS). Pearson correlation shows the strength of the trend. 
Table 3.19 summarizes the results of all valid regression models. It can be clearly seen that for 
most substances a negative relationship exists between the emission of the specific substances 
and dielectric level. Most correlation coefficients are relatively high (close to ‘1’) and therefore 
indicate strong relationship. The correlation coefficients that are below ‘0.6’ indicate a small 
predictive relationship, which means that changes in dielectric level will not be reflected clear 
and visible in amount of emissions of these substances. 
3.2.4 Technical adjustments: Variations in current 
Based on table 3.17, tool R8340 and work-piece X36CrMoV7 are selected (because of their 
highest overall effect on emission-loads) as a constant parameter for testing the influence on 
emission-loads due to current variations (32A, 64A, 128A, 192A). Next to these constant 
variables, dielectric level is set on 35mm because this dielectric level theoretically causes the 
highest emissions. Emissions are analyzed  for cyclohexane extractable matter, aliphatic 
hydrocarbons, polycyclic aromatic hydrocarbons, nickel, chromium and BTEX (benzene, 
toluene, ethylene-benzene and xylene). 
CHAPTER 3 – EMISSION BASED MONITORING 
94 
Table 3.20 Overview of the sampling days and accompanying combinations of technical 
adjustments sampled (Work piece = X36CrMo17, Tool = R8340, Dielectric level 
= 35mm).  
Date Current (A) 
28-05-2001 128 
05-06-2001 128 
11-06-2001 128 
20-06-2001 32 
25-06-2001 32 
02-07-2001 32 
09-07-2001 64 
23-07-2001 64 
31-07-2001 64 
16-07-2001 192 
18-07-2001 192 
 
3.2.4.1 Gravimetric determination of cyclohexane extractable matter 
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Figure 3.25 Cyclohexane extractable matter analyzed on glass fiber filters sampled during EDM 
with only currents varied; 32A (n=18), 64A (n=18), 128A (n=12), 192A (n=12) and 
constant dielectric level = 35mm, Tool = R8340, Workpiece = X36CrMoV7. 
A clear relationship is visible between increase of current and detected emissions of 
cyclohexane extractable matter. Statistical analyses (Linear regression) are performed using 
SPSS to support the observed relationship. Linear regression estimates the coefficients of the 
linear equation, involving one or more independent variables, that best predict the value of the 
dependent variable. In this case ‘cyclohexane extractable matter’ is the dependent variable and 
‘dielectric level’ is the independent variable. All statistical data can be found in chapter 8, figure 
8.23. The statistical model using ‘cyclohexane extractable matter’ as a dependent variable and 
‘current‘ as the predictor is valid (p<0.05): 
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Cyclohexane extr. matter [mg/min] = - 38.7 + (1.254 * Current [A]). Pearson corr. = 0.946 
3.2.4.2 Analysis of aliphatic hydrocarbons using GC/MS and IR 
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Figure 3.26 Aliphatic compounds analyzed on glass fiber filters. Filters are sampled during EDM 
with only currents varied and analyzed with GC/MS (32A (n=18), 64A (n=18), 128A 
(n=18), 192A (n=12) and IR (32A (n=6), 64A (n=18), 128A (n=18), 192A (n=12) and 
constant dielectric level = 35mm, Tool = R8340, Workpiece = X36CrMoV7. 
There is an increasing trend for aliphatic compounds (on filter) in EDM emission with increasing 
currents, measured with GC/MS. The same conclusion can be withdrawn from the same matrix 
analyzed with IR. Statistical analyses are performed to support possible trends for the two 
analyses (GC/MS-Filter, IR-Filter), and can be found in chapter 8, figures 8.24 and 8.25. The 
following models are valid (p<0.05): 
Aliphatic compounds analyzed with 
GC/MS-Filter [mg/min] = - 39.69 + (0.757 * Current [A]).  Pearson corr.: 0.738 
IR-Filter  [mg/min] = - 6.7 + (0.302 * Current [A]).   Pearson corr:  0.472 
If the pearson correlations are compared, the statistical trend found for GC/MS-Filter analysis is 
stronger than the trend found for IR-Filter analysis. This can be caused by the high variation in 
64A sample-results. In IR analysis the quantified amounts are relatively very high compared to 
the corresponding quantified amounts in GC/MS analysis.  
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3.2.4.3 Analysis of BTEX using Thermal desorption followed by GC/MS 
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Figure 3.27 Benzene, toluene, ethylene-benzene and xylene  analyzed on Tenax TA tubes with TD-
GC/MS (32A (n=8), 64A (n=9), 128A (n=7) and 192A (n=6)). Samples are taken during 
EDM with only current varied and constant dielectric level = 35mm, Tool = R8340, 
Workpiece = X36CrMoV7.  
A clear increasing trend for benzene in EDM emission with increasing currents is visible. All 
other substances do not show linear relationships with increasing currents. Statistical analyses 
are performed to support these possible trends for the first two substances separately (chapter 
8, figures 8.26 to 8.29). As expected, only the benzene model is valid (p<0.05): 
Benzene [µg/min] = 255.8 + (0.73 * Current [A])   Pearson corr. =  0.603 
The fact that quantified benzene concentration in captured emissions during EDM sampling with 
192A is lower than the concentration in emissions during EDM sampling with 128A, can explain 
the relatively low pearson correlation detected (0.603). This is probably caused by the relative 
small sample numbers (6 and 7) and the detected high standard deviations.  
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3.2.4.4 Analysis of PAH’s using GC/MS 
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Figure 3.28 PAH’s  analyzed on glass fiber filters with GC/MS (32A (n=3), 64A (n=3), 128A (n=3)), 
192A (n=2)). Samples are taken during EDM with only current varied and constant 
dielectric level = 35mm, Tool = R8340, Workpiece = X36CrMoV7. 
All PAH’s show a strong increasing trend in EDM emission with increasing currents. Using 
statistical analyses (chapter 8, figures 8.30 to 8.35), the following models are valid (p<0.05): 
Acenaphtylene [µg/min] = - 0.05 + (0.0014 * Current [A]).  Pearson corr. =  0.956 
Fluorene [µg/min] = - 0.014 + (0.0012 * Current [A]). Pearson corr. = 0.908 
Phenanthrene [µg/min] = 0.88 + (0.0043 *Current [A]).  Pearson corr. = 0.654 
Anthracene [µg/min] = 0.05 + (0.0011 * Current [A]).  Pearson corr. =  0.941 
Fluoranthene [µg/min] = 0.27 + (0.0042 *Current [A]).  Pearson corr. = 0.95 
Pyrene [µg/min] = 0.18 + (0.0048 * Current [A]).   Pearson corr. =  0.966 
As can be seen in the results of the statistical analyses, all determined pearson correlations are 
relatively high (close to ‘1’), despite the low number of parallels tested (3 and 2). This indicates 
that current has a strong influence on PAH emissions during electrical discharge machining. 
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Figure 3.29 Total PAH analyzed on glass fiber filters with GC/MS with current varied and constant 
dielectric level = 35mm, Tool = R8340, Workpiece = X36CrMoV7. 
In figure, 3.29, total PAH variations due to different currents is plotted. The statistical model for 
this increasing trend is valid (chapter 8, figure 8.36, p<0.05) and can be described as: 
PAH-total [µg/min] = 1.4 + (0.016 *Current [A]).   Pearson corr. = 0.931 
Total PAH is plotted to provide an emission estimation model for this sum parameter. In risk 
analysis this is the parameter used for classifying possible hazards. As expected, a significant 
linear relationship is statistically determined (correlation = 0.931). 
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3.2.4.5 Analysis of chromium and nickel using AAS 
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Figure 3.30 Nickel and chromium analyzed on glass fiber filters with AAS (32A (n=8), 64A (n=8), 
128A(12) and 192A (n=8)). Samples taken during EDM with currents levels varied and 
constant dielectric level = 35mm, Tool = R8340, Workpiece = X36CrMoV7. 
Only chromium concentrations increase in EDM emissions as current increases. This can be 
explained by the fact that only chromium and no nickel is present in the used work-piece. 
Statistical analysis (chapter 8, figure 8.37 ) is performed to support this trend. The model is valid 
(p<0.05): 
Chromium [mg/min] = 1.43 + (0.015 * Current [A]).  Pearson corr. =  0.796 
The fact that quantified chromium concentration in captured emissions during EDM sampling 
with 192A is lower than the concentration in emissions during EDM sampling with 128A, can 
explain the pearson correlation detected (0.796). Regarding the detected standard deviations, 
this difference does not seem to be significant. The overall trend is significant regarding the fact 
that the model is valid. 
3.2.4.6 Summary of results ‘variations in current’ 
As expected, all analyzed substances and substance groups in EDM emissions increase with 
increasing currents.  
The rate of increase in emission of cyclohexane extractable matter and aliphatic compounds 
seems to be highest at the change of current from 64A to 128A. BTEX and Chromium emission 
show a diminishing tendency in emission-increase at the current change 128A to 192A. Several 
possibilities can cause this; 
The first option is that the air containing the emissions has reached a balanced situation 
because of maximum saturation ; 
Another, more assumable possibility for this phenomenon is that during EDM machining with 
current-adjustment 192A, the process showed some frequency variations. Due to the high 
current, the process was not continuously stable, which may result in different, lower emissions; 
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The third, and also assumable option is that the sampling times of during EDM with adjustments 
128A and 192A were both about 9-10 minutes. Temperature, as already discussed, shows an 
inverse reaction, in other words, temperature decreases compared to the EDM adjustments 32A 
and 64A. This decrease in temperature can be a reason that substances are precipitated 
earlier, even before the sampling point.  
The following table summarizes the detected valid relationships between specific individual 
substances and current. 
Table 3.21 Significant trends of emitted substances with increasing current 
Substance Trend Pearson correlation 
Cyclohexane extractable matter + 0.946 
Aliphatic compounds, GC/MS-Filter + 0.738 
Aliphatic compounds, IR-Filter + 0.472 
Benzene + 0.603 
Acenaphtylene + 0.956 
Fluorene + 0.908 
Phenanthrene + 0.654 
Anthracene + 0.941 
Fluoranthene + 0.950 
Pyrene + 0.966 
Chromium + 0.796 
Emitted substances that are positively (trend ‘+’) or negatively (trend ‘-“) linearly correlated 
with increasing currents . Trends presented are significant, tested with linear regression 
analysis (SPSS). Pearson correlation shows the strength of the trend. 
It can be clearly seen that for all substances a positive relationship exists between the emission 
of the specific substances and adjusted current during electrical discharge machining. Most 
correlation coefficients are relatively high (close to ‘1’) and therefore indicate a strong 
relationship between emission and current adjustment. This means that changes in current will 
be reflected clear and visible in amount of emissions of these substances. 
3.2.5 Additional analysis during emission-based monitoring; a worst-case scenario 
As mentioned in paragraph 3.2, because of reproducibility some analyses are performed with 
samples gathered in a worst-case scenario. This scenario requires a set of technical 
adjustments that theoretically produces highest emissions. In this project the following 
adjustments are defined as causing highest emissions: R8340 (tool), X36CrMo17 (workpiece), 
192A (current), 35mm (dielectric level). During two days these conditions are set. Glass fiber 
filters are sampled and biologically analyzed for genotoxicity (umu-C). Dielectric samples are 
taken at the end of the procedure for chemical (PAH’s, Nickel and Chromium, Nitrite and 
Chlorite) and biological analysis (Modified Ames).  
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3.2.5.1 Chemical characterization of dielectric using three analyses: GC/MS, AAS and IC 
Table 3.22 Results of chemical analyses of samples collected in a worst case EDM 
scenario (Tool = R8340, Work piece = X36CrMo17, Current = 192A, Dielectric 
level = 35mm). 
Analysis Substances Concentration 
[mg / l BP200] 
GC/MS  Fluorene 2 
 Phenanthrene 6 
 Anthracene 0.5 
 Fluoranthene 4 
 Pyrene 4 
AAS  Nickel 0.18 
 Chromium 0.38 
IC Chloride 0.553 
 Nitrite 0 
Three chemical analyses are executed; gas-chromatography followed by mass 
spectroscopy using extracts of dielectric for PAH detection; atomic absorption spectrometry 
using extracts of dielectric for nickel and chromium detection and ion chromatography 
using water based extracts of dielectric for chloride and nitrite detection. Dielectric samples 
are collected using a glass bottle which is manually filled at the end of a normal air-
sampling procedure. 
All detected PAH’s have the same proportions as those quantified in air-emissions. Only 
acenaphtylene is not detected. This can be the result of the high volatility of this compound. 
Depending on the storage conditions, amounts of compounds with higher volatility can vary in 
time. 
Regarding the analyzed metals, proportions in dielectric do not equal those found in air-
emissions. Nickel proportions are much higher as found in aerosols. Nickel compounds are 
probably not filtrated by the dielectric filter system thereby causing nickel to remain in the 
dielectric. Because the last work-pieces did contain chromium but not nickel, this could explain 
the difference in both concentrations. This directly supports the decision not to sample dielectric 
as a routine parameter. Because it is nearly impossible to use the same clean dielectric 
(concerning its chemical composition) for each sampling-day, results would not reflect the actual 
influence of technical adjustments, like current and dielectric level, on emissions. 
Regarding the analyzed ions, no nitrite has been detected. This indicates that there is a low 
possibility of formation of nitro-aromatic compounds due to interaction of nitrite-molecules and 
aromatic compounds. No additional analysis is therefore performed to detect nitro-aromatic 
compounds. 
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3.2.5.2 Assessment of mutagenic potential of dielectric-extract using a modified Ames 
assay 
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Figure 3.31 BP200T analyzed for mutagenicity with a modified Ames assay. Samples are taken at 
the end of EDM (Tool = R8340, Work piece = X36CrMo17, Current = 192A, Dielectric 
level = 35mm). 6 different amounts of extracts are tested. Results are expressed as 
amount of salmonella colonies that grow on the plate. Three parallels per extract-
amount are tested with metabolic fraction (+S9) and without metabolic fraction (-S9). 
Both series (with and without S9) show no trend in colony growth with increasing concentration 
of BP200T. Mutagenicity indexes (slopes of dose-response curves) for both series are 
respectively –0.333 and –0.079 for +S9  and –S9 combined extracts. The modified Ames assay 
has the advantage over the ‘normal’ Ames assay in that it is validated for oily samples and for 
that it is correlated with an in vivo test system; ‘mouse skin painting test’. Both tests are 
negative, which means that concerning to Blackburn, there is a high probability that the BP200T 
is non-carcinogenic in the mouse skin painting test [Blackburn, et al, 1984, Blackburn, et al, 
1986]. 
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3.2.5.3 Assessment of genotoxic potential of filter-extract using the umu-C assay 
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Figure 3.32 Filter-extract with metabolic fraction tested for genotoxicity with umu-C test. Samples 
are taken at the end of EDM (Tool = R8340, Work piece = X36CrMo17, Current = 192A, 
Dielectric level = 35mm). 6 different dilutions of the extract are tested (1.5, 3, 6, 9, 12, 
24, 48). The plot shows induction rates (ISO) and ß-galactosidase units (Dunnett). The 
induction rate ‘1.5’ (LID according to ISO), is plotted as dotted line. The control group 
(solution without filter extract) has a mean enzyme activity (ß-galactosidase units) of 
4.49 units. This value is plotted as a striped line. Nine parallels per dilution are tested 
with metabolic fraction (+S9).  
Figure 3.32 plots induction rates (for evaluation according to ISO), and ß-galactosidase units 
(for evaluation according to Dunnett). The induction rate ‘1.5’ (ISO), is plotted as dotted line in 
the figure. All measured dilutions are below this line and are therefore not classified as being 
genotoxic [ISO13829, 2000]. The LID (lowest ineffective dilution) for the filter extract is equal to 
1.5.  
The control group (solution without filter extract) has a mean enzyme activity (ß-galactosidase 
units) of 4.49 units. This value is plotted as a striped line in the figure. All enzyme activities, 
measured at all dilutions are compared to this control-value (analysis of variance, Dunnett’s 
procedure) [Dunnett, 1955]. No values are classified as being significantly different. The LID 
(lowest ineffective dilution) for the filter extract is equal to 1.5. 
The results indicate that filter-extract tested with the umu-C assay does not show genotoxic 
potential in case that a metabolic fraction (S9) is added to the extract. Evaluation according to 
ISO and Dunnett result in the same conclusion. 
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Figure 3.33 Filter-extract without metabolic fraction tested for genotoxicity with umu-C test. 
Samples are taken at the end of EDM (Tool = R8340, Work piece = X36CrMo17, Current 
= 192A, Dielectric level = 35mm). 6 different dilutions of the extract are tested (1.5, 3, 6, 
9, 12, 24, 48). The plot shows induction rates (ISO) and ß-galactosidase units 
(Dunnett). The induction rate ‘1.5’ (LID according to ISO), is plotted as dotted line. The 
control group (solution without filter extract) has a mean enzyme activity (ß-
galactosidase units) of 4.49 units. This value is plotted as a striped line.Nine parallels 
per dilution are tested without metabolic fraction (-S9).  
Figure 3.33 plots induction rates, for evaluation according to DIN, and ß-galactosidase units, for 
evaluation according to Dunnett. The induction rate ‘1.5’ (DIN), is plotted as a dotted line in the 
figure. All measured dilutions are below this line and are therefore not classified as being 
genotoxic [ISO13829, 2000]. The LID (lowest ineffective dilution) for the filterextract is set on 
1.5. 
The control group (solution without filter extract) has a mean enzyme activity (ß-galactosidase 
units) of 4.49 units. This value is plotted as a striped line in the figure. All enzyme activities, 
measured at all dilutions are compared to this control-value (analysis of variance, Dunnett’s 
procedure) [Dunnett, 1955]. The dilutions 1.5 and 3 result in values that are classified as being 
significantly different (significantly different from the control-value, 3.66). The LID (lowest 
ineffective dilution) for the filter extract is equal to 6. 
The results indicate that filter-extract tested with the umu-C assay does not show genotoxic 
potential in case that no metabolic fraction (S9) is added to the extract. This result is valid if the 
data is evaluated according to ISO.  
However, if the data is evaluated according to Dunnett, a genotoxic potential is detected. The 
Dunnett’s procedure is more sensitive to possible genotoxic responses of extracts. This has 
already been described in paragraph 2.4.1.3. 
3.2.6 Additional analysis; Air filtration system (AFS) efficacy 
The air-filtration system, supported by Mahle GmbH, is never tested before regarding its 
efficacy during usage in EDM industry. During the sampling procedures in the project’s phase 
emission-based monitoring, this efficacy is determined by sampling and analyzing aerosolic 
aliphatic compounds during EDM with the standard glass fiber filter units (GFC+) built in the 
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system. This is compared with results from samples that are gathered identically but only 
without EDM processing and without the standard glass fiber filter units (GFC-), built in the AFS. 
After analyzing both filters for aliphatic compounds (n=6 per filter), means and standard 
deviations are compared using Students T-test statistic. The following adjustments are set; 
R8340 (tool), X36CrMo17 (workpiece), 128A (current), 60mm (dielectric level). EDM is sampled 
during 10 minutes using built in (in AFS) glass fiber filters. This test is performed at 01-03-2001. 
Table 3.23 T-test results of efficacy test of the air filtration system 
 GFC- GFC+ 
Mean 25758.67 41605.33 
Variance 150000000 176730814 
Number of parallels 6 6 
Degrees of freedom 
T-statistic 
P(T<=t) two-sided 
Critical t-value 
10 
-2.148516 
0.05 
2.228139 
Results gathered with GC/MS are expressed as Total Ion Counts (TIC). Samples are 
collected in two different situations: first samples are collected during non-processing 
conditions with glass fiber units removed from the air filtration system (GFC-), and second 
samples are collected during EDM with glass fiber units build in the system (GFC+) and  
The t-value calculated is smaller than the critical t-value which means that the hypothesis (GFC- 
= GFC+) is not rejected. In other words, there is no significant difference between GFC- and 
GFC+ results, which indicates that, with regard to aliphatic compounds, the standard glass fiber 
filters clean the air (containing EDM emissions) to blanc-level. 
3.2.7 Summary of Emission Based Monitoring 
Most efforts have been conducted to the emission based monitoring phase of this project. This 
phase is divided in building the experimental set-up and performing the actual measurements. 
The encased structure and the use of different sampling locations leads to representative 
sampling results. This is a very important condition for one of the goals of this project, which is 
focussed on the comparison of different technical EDM adjustments, regarding their influence 
on emissions. Next to the sampling conditions, all laboratory methods used for preparation and 
measurement of the different sample matrices are optimized and validated accordingly.  
The main conclusion that can be drawn from the results is that pilot-measurements give the 
opportunity to prepare an experimental design that leads to a statistically supported examination 
of the different emissions of hazardous substances arising due to technical adjustments set 
during electrical discharge machining.  
Air based emissions are quantified at the process of electrical discharge machining in an 
encased structure. A controlled variation of work-piece, tool, dielectric level and current 
adjustments has shown that all of these variables do have a strong influence on emission-
quantities.  
For each variable individually it can be stated that emission of metals (like chromium) strongly 
depends on the composition and physical properties of the work-piece and tool. These two 
variables also influence the aliphatic compound emissions. The emissions of PAH and other 
aromatic (volatile) hydrocarbons, BTEX, are not influenced on the contrary.  
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Increase in dielectric level leads to a strong decrease in emissions of volatile organic 
compounds (BTEX) and a less strong decrease in emissions of chromium and polycyclic 
aromatic organic compounds (PAH). On the other hand, in contrast, the aliphatic compounds as 
well as the cyclohexane extractable matter do not show this strong increase in EDM emissions. 
Increase of current during electrical discharge machining leads to increased emission rates of 
all analyzed substances; cyclohexane extractable matter, aliphatic compounds, volatile organic 
compounds (BTEX), polycyclic aromatic hydrocarbons and metal (chromium).  
The investigation of dielectric shows that PAH and metals are present in expected proportions. 
With regard to the effect parameter, according to the modified Ames assay, no mutagenic effect 
could be detected. 
The investigation of air with regard to the effect parameter (genotoxicity), shows that under the 
applied preparation and analyzing conditions a genotoxic effect occurs for filter extract with no 
additional metabolic fraction added. This effect can only be detected if the results are evaluated 
according to Dunnett’s procedure. No effect is detected if the same results are evaluated 
according to ISO. 
The efficacy of the Mahle air filtration system seems to be optimal for aerosols. The standard 
glass fiber filters clean the air (containing EDM emissions) to blanc-level. However this is a 
statistical interpretation. This means that variations may occur in the results. In other words, it 
can not be guaranteed that the filtrated air is clean for 100%. Actual removal rates should be 
determined to estimate this percentage. For gas, no tests have been performed. The 
expectation is however, that no gaseous molecules will be separated using the standard 
equipment.  
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3.3 Immission based monitoring 
The company Erotec AG (Mönchengladbach) produces EDM machines and supplies 
maintenance support. Next to these activities the company uses EDM for metalworking 
processes too. All these activities are brought together in one working place.  
One of the goals of this thesis, is to implement the optimized methods and techniques in an 
industrial environment. Within this framework there have been two measurements at Erotec AG. 
The first measurement has been executed at the former working hall at 06-09-2000. The 
second measurement has been executed at the new working hall at 29-09-2001. During each 
measurement one EDM installation is sampled in normal operation. Two air sampling points are 
selected; one directly above the process, the other in the breathing zone of the EDM operator. 
During electrical discharge machining an air filtration system is used to create a situation that is 
identical to normal manufacturing situations. Dielectric is sampled identical to the emission 
based monitoring. It is manually collected in a glass bottle. 
The air-emissions that arise, are quantified using chemical analysis. The air samples are 
collected in three parallels for each final analysis. Dielectric is tested for mutagenic properties 
using the modified Ames assay. For this assay a sample of the second measurement is used.  
3.3.1 Immission based monitoring in the former working hall of Erotec AG 
During the sampling activities, three parallel samples are collected for each chemical analysis, 
respectively gravimetric determination for cyclohexane extractable matter, chromatographic 
(and spectroscopic) detection of aliphatic compounds (GC/MS-Filter, IR-Filter and IR-XAD-2) 
and PAH’s and BTEX.  
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Table 3.24 Chemical results of analyzed samples collected in the former working hall of 
the Erotec AG 
   Sampling points 
   Process location Breathing zone 
  Unit Mean SD Mean SD 
Cyclohexane extractable matter      
  mg/m3 13.3 13.1 5.5 13.5 
Aliphatic compounds       
GC/MS Filter mg/m3 0.4  0.4  
IR Filter mg/m3 2.1 1.9 2.3 1.5 
 XAD-2 mg/m3 *40.6 25.7 *10.8 8.5 
BTEX       
Benzene  µg/m3 95 18 31 2 
Toluene  µg/m3 47 12 23 4 
Ethylene-benzene  µg/m3 14 3 9 1 
p/m-Xylene  µg/m3 13 4 9 2 
Polycyclic aromatic compounds      
Fluoranthene  µg/m3 0.17    
Pyrene  µg/m3 0.53  0.06  
Benzo[a]anthracene  µg/m3 0.08    
Chrysene  µg/m3 0.20  0.03  
Benzo[b]fluoranthene  µg/m3 0.25  0.04  
Benzo[a]pyrene  µg/m3 0.25  0.07  
Indeno[1,2,3-c,d]pyrene  µg/m3 0.28  0.08  
Dibenzo[a,h]anthracene  µg/m3 0.34  0.10  
Benzo[g,h,i]perylene  µg/m3 0.45  0.16  
Results of analyses of industrial samples collected at former working hall of the Erotec AG. 
‘*’means that this value exceeds the limit-value. Limit values are presented in table 3.25. 
Table 3.24 summarizes the results of the first measurement in the former working hall of the 
Erotec AG. As can be seen in this table, in case of GC/MS analysis of aliphatic compounds, 
only one filter per location is analyzed and no standard deviation is presented. The results 
should therefore be interpreted carefully. In case of GC/MS analysis of PAH’s there are also no 
standard deviations presented because all three sampled filters are extracted and combined to 
concentrate possible compounds. The limit values are presented in table 3.25. 
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Table 3.25 Overview of limit values and their origin. 
Substances Limit value (mg/m3) Origin 
Aliphatic compounds (aerosol) 15 BIA 
Aliphatic compounds (gas) 5 BIA 
Benzene 8 MAC 
Toluene 190 MAC 
Ethylene-benzene 440 MAC 
Xylene 440 MAC 
PAH total 0.1 ATSDR 
Nickel 1 MAC 
Chromium (VI) 0.05 TRK 
Limit values of several substances and their origin; Institute of Industrial Safety of the 
German Federation of Institutions for Statutory Insurance and Prevention (BIA), Maximum 
allowed concentrations (MAC), Agency for toxicological substances and disease 
registration (ATSDR), Technical concentrations (TRK).  
As can also be seen, all values but two are below the accompanying limit values. The aliphatic 
compounds, analyzed on XAD-2, exceed the advised value by BIA (15 mg/m3).  
3.3.2 Immission based monitoring in the new working hall of Erotec AG 
During the sampling activities, three parallel samples are collected for each chemical analysis, 
respectively gravimetric determination for cyclohexane extractable matter, chromatographic and 
spectroscopic detection of aliphatic compounds (IR-Filter), PAH’s, BTEX and Nickel and 
Chromium. 
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3.3.2.1 Chemical characterization of air-emissions 
Table 3.26 Chemical results of analyzed samples collected in the new working hall of the 
Erotec AG 
   Sampling points 
   Process location Breathing zone 
  Unit Mean SD Mean SD 
Cyclohexane extractable matter      
  mg/m3 34.2 12.3 29.8 9.1 
Aliphatic compounds       
IR Filter mg/m3 8 9 0.8 0.5 
BTEX       
Benzene  µg/m3 176.2 48.9 22.7 5.5 
Toluene  µg/m3 50.2 11.7 10.7 12.6 
Ethylene-benzene  µg/m3 18.6 3.9 2.8 2.4 
p/m-Xylene  µg/m3 26.2 4.1 11.3 7.0 
Polycyclic aromatic compounds      
Phenanthrene  µg/m3 0.019  0  
Fluoranthene  µg/m3 0.022  0.011  
Pyrene  µg/m3 0.039  0.037  
Heavy metals      
Nickel  µg/m3 1.7 0.4 0.2 0.4 
Chromium  µg/m3 *127.6 12.4 *54.2 7.0 
Results of analyses of industrial samples collected at Erotec AG. ‘*’means that this value 
exceeds the limit-value (table 3.25).  
Table 3.26 shows the results of the second measurement at the new working hall of the Erotec 
AG. In case of GC/MS analysis of PAH’s there are no standard deviations presented because of 
the fact that all three sampled filters are extracted and combined to concentrate possible 
compounds.  
As can also be seen, only two value exceeds the limit values; chromium concentration directly 
above the processing location exceeds the limit value (TRK = 50µg/m3). In the breathing zone 
the concentration is decreased for about 50% but still slightly above the limit value.  
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3.3.2.2 Assessment of mutagenic property of the used dielectric 
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Figure 334 Dielectric (Oel Held&Kompressol) analyzed for mutagenicity with a modified Ames 
assay. Samples are taken at the end of EDM. 6 different amounts of extracts are 
tested. Results are expressed as amount of salmonella colonies that grow on the 
plate. Three parallels per extract-amount are tested with metabolic fraction (+S9) and 
without metabolic fraction (-S9). 
Both series (with and without S9) show no trend in colony growth with increasing concentration 
dielectric (Oel Held & Kompressol). Mutagenicity indexes (slopes of dose-respons curves) for 
both series are respectively –0.327 and –0.029 for +S9  and –S9 combined extracts. The 
modified Ames assay according to Blackburn has the advantage over the ‘normal’ Ames assay 
in that it is validated for oily samples and for that it is correlated with an in vivo test system; 
‘mouse skin painting test’. Both tests are negative, which means that concerning to Blackburn, 
there is a high probability that the dielectric (Oel Held & Kompressol) is non-carcinogenic in the 
mouse skin painting test [Blackburn, et al, 1984, Blackburn, et al, 1986]. 
3.3.3 Summary of Immission Based Monitoring 
The results, gathered during the measurement in the former working hall of the Erotec AG, 
show that: in the breathing zone, polycyclic aromatic hydrocarbons (PAH), and volatile organic 
hydrocarbons (BTEX) are far below the limit values. The concentration of aliphatic compounds 
in gas actually does exceed the limit value (advised by BIA; 5 mg/m3). However, regarding the 
standard deviation, this exceeding difference is not statistically significant. Directly above the 
processing location no PAH and BTEX values are measured that exceed those limit values. 
However, for aliphatic compounds in gas-fraction of air, a value is measured that exceeds the 
limit value (advised by BIA) about 8 times.  
The results of the measurement in the new working hall lead to the same conclusions for PAH 
and BTEX as in the measurement in the former working hall for samples taken above the 
processing location as well as samples taken in the breathing zone of the machine operator. 
The concentration of aliphatic compounds, analyzed wit IR, is also below the accepted limit 
value, for both sampling locations. Only the chromium concentration, as analyzed above the 
processing location and in the breathing zone, exceeds the limit value (TRK).
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4 Discussion 
4.1 Emission based monitoring 
4.1.1 General 
From immission based monitoring to emission based monitoring 
Electro-physical processes work with high power densities and temperatures in the domain of 
interaction (above 2000 °C). These high temperatures and energetic levels implicate the 
generation of solid, liquid and gaseous byproducts [Snoeys, 1986]. Electrical discharge 
machining is one of the most important manufacturing processes because of its advantage to 
machine materials with high hardness and strength, as hardened steel, carbide or conductive 
ceramics [Dauw, 1989, Dauw, 1992, König, 1990]. In case of EDM, there is a non-conductive 
dielectric, mostly a hydrocarbon fluid (mineral oil). The material removal procedure can be 
explained by extremely quick heating, melting and vaporizing. Besides the concentration effect 
of the dielectric fluid by building a discharge channel and increasing energy density, the 
dielectric carries the removed material out of the gap between the two solid partners. At the 
same time it serves as a liquid absorbing filter for gaseous and liquid phases when expelled 
from the gap. Several hazard potentials follow from the above described process; the high 
temperature may result in the generation of hazardous smoke, vapor and aerosols. 
Decomposition products and heavy metals may accumulate in the dielectric. A hazardous 
situation strongly depends on the strength of exposure of the working operators. Main sources 
are air (inhalation/skin exposure), dielectric and slurry (skin exposure). The strength of air-
exposure may be influenced by a number of factors (as can be concluded from the above 
described factors); type of dielectric, dielectric-level, current-strength, used material, used air 
ventilation system [Busalt, 1989, Kutz, 1990]. Air-exposure can be separated in aerosol- 
(dielectric-drops) and gas-exposure. Until so far, numeric investigations have been performed in 
industrial environments, many of them documented by the Institute of Industrial Safety of the 
German federation of Institutions for Statutory Insurance and Prevention. [BIA, 1995, Tönshoff, 
et al, 1996]. All data, however, apply to immission based measurements. Furthermore, no 
complete and standardized registration has been documented. This means that the results can 
only be used for local and time-limited risk-assessment [Wijvekate, 1991]. Because of the trace-
amounts of several substances, no clear insight in emission contents is obtained.  
For these reasons, the current investigation has started with the building of an encased 
structure around an EDM machine. This structure allows total emission to be captured and 
sampled, to get a qualitative and quantitative impression of emission contents in air. The most 
important parameter for the characterization of the emission of hazardous substances from 
machines is the emission rate. The emission rate is defined as the amount of hazardous 
substance produced by the machine per unit of time. The determination of the emission rate is 
performed according to part 3 of the European B Standard EN 1093. It is very important to 
control the volume flow at the outlet of the measurement duct [Bauer, 1996]. During this 
investigation, the air-flow has been manually adjusted at the Mahle air-filtration system, 
depending on changes in air velocity, which has been recorded continuously during the 
sampling process. As can be seen in chapter 3, figure 3.10, velocities and thus air-flows remain 
constant during the sampling process. In case of Filter-sampling and Tenax TATM sampling 
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some manual adjustments had to be made to obtain a controlled air-flow. For the quantification 
of emissions during emission based monitoring, all results are expressed as quantity per minute 
of EDM machining. 
Air sampling 
To build an optimal encased structure, it has to be known how and where samples have to be 
taken. For this reason, preliminary research has been performed. This resulted in expected 
substances or groups of substances that may arise during the process of EDM. Next step has 
been the determination of existing sampling techniques for these specific substances. Table 4.1 
summarizes the expected substances and accompanying methods. 
Table 4.1 Expected substances and analyzing techniques 
Substances Method Absorber Analysis 
Oil mist mineral NIOSH 5026 /BIA Glass fiber filter IR 
PAH OSHA 58 Glass fiber filter HPLC-UV 
Chromium NIOSH 7024 Filter AAS 
Benzene NIOSH 2549 Thermal desorption tube TD-GC/MS 
 
Once established which absorbers are used, sampling locations are chosen. A sampling system 
has been chosen allowing to sample total air flow. Most commonly used sampling systems use 
a by-pass mechanism. This latter system creates an extra-calculation step in the evaluation-
procedure and can therefore introduce additional errors. Furthermore the chosen sampling 
system and location provides the opportunity to sample a large area of glass fiber filter. This has 
the advantage that one sampled filter can be used for several different analyses; biological test 
systems can so be correlated to chemical results, for example. Air flow is adjusted to a level that 
does not cause break-trough. Now that all locations have been selected, validation procedures 
have been performed by the use of some guidelines set up by OSHA [OSHA, 1989]. 
4.1.2 Reliability and validation 
4.1.2.1 Random errors 
As has already been told in chapter 3, an experimental set-up will always be influenced by 
random and systematical errors.  
Random errors are phenomena that make results vary in an undefined and unexplained way 
around a mean value or the actual value. The reliability of a test-system is a definition used for 
the impact of these random errors on the observed results. It is inherent to estimating 
experimental results taking into account possible errors. The higher the reliability of a test-
system, the higher the possibility that the measured values represent the actual situation. The 
attempt to control the random errors is primarily focused on the sampling phase. During this 
phase it is very hard to control environmental factors.  
Increasing the sample size will increase the reliability of an experimental design [Johnson, 
1988, Anderson, 1993, Bouter & van Dongen, 1991]. In a pilot design, deviations and variances 
have been determined. Using these values an ideal sample size has been established using 
power-analysis. This has great advantages, especially because of the fact that different 
technical EDM adjustments are to be compared during the project regarding their influence on 
specific emissions. Using power-analysis for emissions of aliphatic compounds an ideal sample 
CHAPTER 4 – EMISSION BASED MONITORING 
114 
size number is established and is equal to 18. This means that sampling specific technical EDM 
adjustments 18 times (6 samples per three sampling days), makes it possible to define 
differences (of at least 10%) in emissions between EDM adjustments, as being statistical 
significant. Figure 4.1 shows a sampled filter from 1 day with the different sample-cuts for 
specific analysis.  
 
Figure 4.1 Picture of a sampled filter. The material for the applied analyses is already punched 
out. 
This power-analysis is performed primarily to get an indication of sample-size necessary to 
obtain a satisfactory reliability. At the end of all measurements, statistical comparative analysis 
(ANOVA, REGRESSION) are performed to actually determine the existence of significant 
differences. That is why no further power calculations are performed for all the other analyses. 
Furthermore, despite the fact that an ideal sample number of 18 has been calculated, during the 
variation of work-tool and work-piece a maximum of 6 sample-parallels for cyclohexane 
extractable matter (figure 3.11) and aliphatic compound analysis (figure 3.12), 3 sample-
parallels for BTEX (figure 3.13) and 4 sample-parallels for chromium analysis (figure 3.15) have 
been taken. During industrial manufacturing procedures, work-tool and work-piece combinations 
are normally dependent on the customer’s order. For means of exposure assessment and 
establishment of an optimal hygienic situation by adjusting some parameters, work-tools and 
work-pieces are not the parameters that can be easily changed to influence emission-loads. 
Therefore it is not necessary to apply the calculated sample size. Differences in emission-loads 
due to the usage of specific tools and work-pieces are compared using statistical analyses at 
the end of analyses. 
4.1.2.2 Systematical errors 
Systematical errors originate from wrong decisions during set-up, execution or analysis of an 
investigation. They negatively influence the validity of the results from an experimental design. 
Validity is divided in internal and external validity. 
Internal validity tries to decrease false positive and false negative rates. In other words, it tries 
to increase the sensitivity of the test for what is actually being measured, respectively to 
increase the specificity of the test for the effect being measured [Johnson, 1988, Anderson, 
1993, Bouter & van Dongen, 1991, Kreutzer & Raymakers, 1982]. The laboratory and sampling 
methods are being internally validated by estimating reproducibility and recovery rates. 
Reproducibility is tested by estimating the degree of deviation between different samples. The 
deviations between mean-results of identical measurements are minimized. For filter-extracts 
analyzed with GC/MS for aliphatic compounds the variation in deviation is about 10% 
(paragraph 3.1.2.1), for PAH analyses these variations vary from 39% for phenanthrene to 65% 
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for acenaphtylene (paragraph 3.1.2.2). For chromium analysis the variation is about 10% 
(paragraph 3.1.2.3).  
Recovery rates, as can be seen in chapter 3, fluctuate per analysis. They cover an area 
between 50% and 80% depending on the chemical parameters assessed (tables 3.3, 3.4, 3.5, 
3.8).  
External validity is a measure for ‘extrapolation-potential’ of the results. It is not directly possible 
to test this measure in emission-based monitoring. First the existing technique for aliphatic 
compound analysis, IR, has to be copied to the encased scenario. Results gathered with IR as 
well as the new technique, GC/MS, can then be compared. Results gathered with GC/MS are 
higher than those gathered with IR (factor 2 to 3). Although this does not support compliance, 
these results have to be interpreted carefully. Because of the fact that during both extraction 
procedures different solvents are used, different recovery rates may occur. This will be reflected 
in the results. Another possibility to establish compliance and resemblance directly, is a 
comparison with existing results from older experiments in an industrial environment. This 
comparison is however very difficult because of the fact that no identical sampling-environment, 
no identical sampling-handling procedure and no identical EDM adjustments can be found so 
far. Despite these considerations, a comparison is made between some results of existing 
research performed in an industrial environment.  
Table 4.2 Comparison of different results of industrial immission based measurements. 
Exp. 
nr. 
Dielectric Tool/piece Location Aliphatic comp. 
(IR), mg/m3 
Benzene 
mg/m3 
Benzo[a]pyrene 
mg/m3 
Process 0.4 0.1 0.00025 E1 Oel Held EDM3/2179 Steel 
Br.zone 0.4 0.03 0.00007 
Process 8 0.2 - E2 Oel Held R8340/X36CrMo17 
Br.zone 0.8 0.02 - 
Process 1.5 1.6 <0.00051 BIA-1 ? Graphite/steel 
Br.zone 0.4 <0.1 - 
Process 0.37 <0.1 - BIA-4 IME110 CSI15/St.2714 
Br.zone 0.25 - - 
Process 3.9 2 - BIA-7 CMT 4-04 EK82/Steel 
Br.zone 0.25 <1.1 - 
The experiment numbers (exp.nr.) starting with E are equal to the results gathered in the first and 
second measurement at Erotec AG. All other results originate from table 3, BIA REPORT 9/95. 
Two locations are compared, processing location (Process) and breathing zone (br. Zone). Next to 
the known technical adjustments, three substances are reported in this table; aliphatic compounds, 
Benzene and Benzo[a]pyrene. 
As can be seen in table 4.2, results gathered during this project do not differ from other existing 
results in a way that can not be explained by normal variation caused by technical adjustments 
and or sampling conditions. Although it is very premature and actually not permitted, the results 
seem to support compliance and resemblance. Future research should, however, be focussed 
on comparable measurements.  
4.1.2.3 Summary 
Although all applied analyses have been optimized by increasing reliability and decreasing the 
rate of random errors by increasing sample size, the actual results collected using these 
analyses have to be interpreted very carefully. Especially in the case of PAH analyses, the 
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deviation of the quantified mean concentrations is relatively high (39%-65%). Because of the 
necessity to concentrate the extracts it is not possible to increase sample-size for minimizing 
the appearance of possible errors. Statistical analyses, like ANOVA or REGRESSION, at the 
end of data collection will not suffice because of these small sample numbers. The deviation of 
the quantified mean concentrations of the other analyses is about 10%. In these cases, 
statistical analyses are useful means to determine possible trends and/or differences.  
A power analysis has been conducted to estimate the sample size number necessary to capture 
significant statistical effects. The calculated sample size, 18, will minimize the appearance of 
errors during analyses. Because of this large number of samples, work loads will be inefficiently 
high for the people taking samples and preparing and analyzing them. Therefore the calculated 
sample size is only applied during those measurements that (may) retrieve useful information 
regarding risk analysis: estimation of influence on emission-loads of current and dielectric level. 
The measurements estimating influence on emission-loads of different tools and work-pieces, 
use statistical analyses (ANOVA) to detect specific significant effects.  
4.1.3 Environmental parameters 
Regarding the sub-parameters that have been measured during all sampling days, temperature 
and relative humidity, there are variations visible between sampling days (temperature 
variations less than 10°C and humidity variations less than 20%). As has been mentioned 
before in chapter 3, these variations can be explained by temperature developments during 
sampling, technical problems with the Mahle filter units and by weather conditions. The 
influence of sampling conditions will be discussed in the following two sub-paragraphs. 
Temperature 
Theoretically, temperature will rise with increasing currents. To test this theory a test for 
correlation [Streiner, 1986] is executed using the data gathered during the test for influence of 
technical EDM adjustments, variations in current (glass fiber filter sampling), chapter 8, figures 
8.48 to 8.57. 
Figure 4.2 Pearson correlation current-temperature during EDM 
  Temperature 
Current Pearson correlation -0.679* 
 Significance 0.044 
 Number of samples 9 
* Correlation is significant at the 0.05 level (2-tailed). 
The results present a significant correlation between the two variables. However, this 
relationship is negative, which means temperature falls with increasing current. This 
phenomenon can be explained by the fact that sampling-times have been different between 
different currents. Because of the fact that a current-adjustment of 32A theoretically will produce 
less emissions it has been decided to increase sampling time. The advantage of this is that 
sampling material gathered on different sampling days, will contain relatively equal amounts of 
emitted substances. Hereby, laboratory methods will not need adaptation (adjustments of 
dilutions, calibration series, etc). Because all results are expressed as quantity per time-unit 
(minute) the actual influence of technical EDM adjustments on emissions can nevertheless be 
captured. For reasons mentioned above, mean sampling time for 32A has been about 30 
minutes, 64A about 13 minutes, 128A and 192A about 10 minutes .  
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The same test (pearson correlation) has been performed to test whether temperature and 
dielectric levels are correlated. The data gathered during the test for influence of technical EDM 
adjustments, variations in level, is used (glass fiber filter sampling, chapter 8, figures 8.7 to 
8.13). Although there seems to be a negative effect, as expected, this effect is not significant 
(p>0.05). In contrast to the sampling days where currents are varied, the sampling-times during 
the days that levels are varied, remained equal. Theoretically, increasing dielectric levels will 
decrease temperature. This will be caused by increased condensation-potential of the dielectric. 
Emitting aerosols and vapors, containing thermal energy, will reach the temperature sampling 
point in smaller numbers and will therefore have an influencing effect on temperature. 
Relative humidity 
Relative humidity strongly depends on the humidity producing potential of the process. The 
process of EDM, however, uses a mineral oil as dielectric and will therefore not directly emit 
water-based vapors. Theoretically, in our case, temperature will be the only influencing 
parameter. Air with high temperatures can obtain higher degrees of water-based vapors than air 
with low temperatures. Therefore, increasing current is thought to increase relative humidity 
(temperature falls as has been shown above). 
The pearson correlation test has been performed to test whether relative humidity and currents 
are correlated. The data gathered during the test for influence of technical EDM adjustments, 
variations in current, is used (glass fiber filter sampling, chapter 8, figures 8.48 to 8.57). 
Although the results are not significant (p>0.05), there seems to be a positive relationship 
between current and relative humidity.  
In addition to the correlations above, a test (pearson correlation) has been performed to test 
whether relative humidity and dielectric levels are correlated. The data gathered during the test 
for influence of technical EDM adjustments, variations in level, is used (glass fiber filter 
sampling), chapter 8, figures 8.7 to 8.13. Theoretically it is expected that relative humidity 
increases with increasing dielectric levels (as temperature decreases). Again the correlation is 
not significant (p>0.05). Despite this fact, there seems to be an negative correlation, increasing 
dielectric level results in decreasing humidity. This is not in accordance with the expectation. 
The samples are taken in Mai, June and July. This could mean that weather conditions may 
have had an influencing effect on measured relative humidity as weather conditions in summer 
cause lower relative humidity too. 
Conclusion 
Possible effects of EDM conditions on temperature and humidity are visible. Both parameters 
can confound the results of emission characterization. Exclusion of this possible interaction of 
these confounders can be established by two main routes; the first is based on a preliminary 
standardization of the test-system. For example, a monitoring system that measures and 
equalizes temperature and humidity during sampling could be useful. The second route is 
based on the collection of temperature and humidity data during sampling and afterwards 
correcting the results for possible interactions. Regression analyses provides opportunities to 
include possible confounders in trend analyses.  
No attempt has been made to exclude the influence of these confounders using the first route. 
This route requires a basic knowledge regarding temperature and humidity influences on 
emission characterization. Because of the lack in this knowledge and the high costs of a 
monitoring-system, an attempt has been made to analyze confounding activities only by use of 
the second route. Regression analyses resulted in the conclusion that temperature as well as 
humidity do not interact with the results. This is probably because of the relative small variations 
in both parameters (10 to 20%).  
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4.1.4 Influence of technical adjustments on emissions 
Tool 
There appears to be a tool-specific influence on emission-loads of aliphatic compounds 
(aerosolic part) but not heavy metals. A reason for this effect can be that aliphatic compounds 
are much more volatile as compared to nickel/chromium. Any difference in processing 
temperature will therefore primarily lead to a difference in emissions of aliphatic compounds. 
Although the gaseous part of these emissions will probably be the most sensitive part, changes 
are reflected as changes in aerosols rather than gas. This phenomenon can be explained by the 
formation of a thin aerosol layer (containing mostly dielectric-aerosols) that covers the glass 
fiber filter during sampling. Gaseous emissions have to cross this filter and are probably subject 
to precipitation, thereby becoming part of the aerosolic phase.  
As already mentioned before in chapter 3, physical properties can cause differences in 
processing temperature and thereby result in the differences in emission-loads as detected. 
Table 3.15 shows the properties of both tools. Higher electrical and thermal conductivity lead to 
higher processing temperatures and removal rates [Karden, 2001]. Future research can focus 
on these physical parameters. More tools with different thermal and electrical conductivity can 
be tested for influence on emissions-loads of aliphatic compounds, for example. A regression 
analysis using these parameters as independent variables would support a possible relationship 
between the physical properties and the emission influencing potential. There is no use for 
performing a statistical evaluation in this investigation because only two tools have been tested. 
Under these conditions, correlations will always be significant but not justified [Streiner, 1986].  
Former investigations collected by BIA can not be used to support the current results gathered. 
No comparable investigations with only work-tools varied have been performed so far [BIA 
1995, BIA, 1996]. 
Work-piece 
An influence of specific work-pieces on emission-loads is detected. Again, emission-loads of 
aliphatic compounds are dependent on the type of work-piece used during electrical discharge 
machining. A reason for this effect is probably equal to the reasons mentioned in the former 
paragraph ‘Tool’. No data are available regarding physical properties to support the theory. 
Furthermore, and perhaps more important, an effect on emission-loads of heavy metals (nickel 
and chromium) is detected. This effect is strongly dependent on the atomic structure of the 
work-piece used. If, for example, chromium is present in the atomic structure in large 
proportions, chromium is detected in air-emission in large proportions as well (chapter 3, figure 
3.16).  
The relevance of heavy metal emissions has already been demonstrated by Simon [Simon, 
1977]. Nevertheless, the main part of the investigations executed from that time until now, 
focussed on the organic part of the EDM emissions. No data is available concerning heavy 
metals in EDM emissions in the collected BIA database [BIA, 1995]. 
Dielectric level 
One of the recommendations that is given from a health perspective view to industries that use 
EDM as a production process by BIA among others, is to use a maximum dielectric level of 
40mm [BIA, 1995]. This is a theoretical recommendation; it is expected that emissions decrease 
with increasing dielectric levels. The more dielectric stands above the emission-source 
(processing location), the more substances will be solved, precipitated and/or condensed in the 
dielectric before actually emitting into air. This theory has never been statistically tested in a 
controlled environment.  
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The above mentioned theory is partially supported by the results of the current investigation. An 
increase in dielectric level will result in strong decreased emissions of volatile organic 
compounds (BTEX) and less strong decreased emissions of chromium and the polycyclic 
aromatic organic compounds (PAH). In case of aliphatic compounds, it is not clear how the 
emissions of those substances are influenced. The results gathered in this project do not show 
strong decreasing effects (GC/MS), but rather an increasing effect (IR). This is in accordance 
with the gravimetric results, which seem to remain equal with increasing dielectric levels. 
Until now, most preliminary investigations have never documented actual dielectric levels. The 
recommended levels are purely based upon theoretical assumptions. The current results 
support this theoretical basis but should be interpreted carefully. For example, the contradiction 
in aliphatic emissions, which seems to be dependent on the used analyses (GC/MS <-> IR) 
should be investigated and explained. Furthermore, a cost-benefit plot can give insight in the 
actual hazard reduction and increased environmental pollution due to usage of larger volumes 
of dielectric (and higher energy costs in cleaning it, for example).  
Current 
One of the main parameters that influences the material removal rates during EDM is the 
current-adjustment. There is a tendency in the present manufacturing industry to increase 
currents, leading to increased production rates [Karden, 2001]. Because of the increased 
current, higher temperatures at the processing location can be expected and subsequently 
more emissions too. As expected, the current investigation showed that all analyzed substances 
and substance groups in EDM emissions increase with increasing currents.  
The investigations by Bommeli [1983] and Simon [1977], next to the collected data by BIA 
[1995] mostly do not report the used current during EDM. Some data, however, do report 
applied current. These currents have always been very low compared to the ones investigated 
in the current research. Comparisons can, therefore, not be made. 
Worst case scenario; dielectric and air characterization 
A worst-case scenario (current 192A, dielectric level 35mm) has been established to test a 
number of parameters that can not, or only with inefficient effort-levels, be tested during 
standard sampling days. Instead of normal sampling procedures a worst-case scenario is 
sampled to get an indication of actual priority of these substances/effect-parameters in 
subsequent risk estimation.  
Chemical characterization of dielectric 
The analyzed polycyclic aromatic hydrocarbons are identical to those identified in air. Chromium 
and nickel proportions are almost equal to the proportions found in air. There are no direct limit 
values that concern health effects of exposure to the dielectric. An investigation of the 
‘Forschungs- und Materialprüfungsanstalt (FMPA) Baden-Württemberg’ proved that unused 
dielectrics (for example IME-MH, Oel Held) are not expected to damage human skin. This was 
based on knowledge concerning the composition of the dielectrics [Wurdack, 1994]. Used 
dielectric, however, contains hazardous aromatic compounds that may enter the epidermis very 
easy. Furthermore, the used dielectric consists of small metal-particles (<20µm) that can 
physically damage human skin [N.N, 1993]. Specific heavy metals, like chromium and nickel do 
possess carcinogenic and allergic properties too. In combination with the lipid-dissolving 
properties of aliphatic compounds the human skin is much more susceptible for these and other 
hazardous substances. Eczema and dermatitis are examples of health-effects caused by these 
substances [N.N., 1988].  
For reasons of hazard assessment, an individual exposure assessment for each specific 
situation has to be made. Because of the limitations of this kind of approach, best results can be 
obtained in the area of personal protection, like wearing gloves during dielectric handling. 
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The reason for the detection of nitrite is that if this substance occurs, there may be a reasonable 
possibility that aromatic hydrocarbons can form a highly toxic group of substances; the nitro-
aromatic compounds [Schleibinger, 1988]. Because of time expensive properties of preparation 
procedures for nitro-aromatic compounds, it has been decided that this will not be an efficient 
parameter for routine monitoring, especially because of the very low theoretical possibility of 
formation of this group of substances. Instead, an indirect parameter is used as indicator for 
possible nitro-aromatic compound formation; the ionic substance nitrite. In the current 
investigation, no nitrite is detected in dielectric (chapter 3, table 3.22). This does however not 
exclude the possibility that nitro-aromatic compounds are formed during the process. First, the 
detection limit is very high (0.1 mg / l). This means that concentrations below this limit will not be 
detected. Second, the nitrite analyzed is an individual substance group. It is, however, also 
possible that nitrite is bound to other molecules. In this way detection by IC is not possible. It 
can nevertheless be broken down in air-emissions leading to possible reaction products. So 
future research can give more insight in this area too. 
Mutagenic property of dielectric and genotoxic property of air 
Next to the chemical analyses, which are always based on individual responses, two effect 
parameters are used in this project. An effect parameter has the great advantage of using the 
sample without fargoing separation procedures, thereby offering the possibility to capture 
potential synergistic effects of substances on each other. Furthermore, and perhaps most 
important aspect of effect parameters, are the different end-points as compared to chemical 
analyses; in the latter only amounts of specific substance are measured, in the first no amounts, 
but an effect is measured [Koeman, 1983, Niesink, et al, 1996]. This can be particularly useful in 
the final risk-assessment where, at the end, the effect of emission on health is to be assessed. 
No mutagenic response has been detected testing the dielectric. This testsystem is extremely 
sensitive to aromatic hydrocarbons. Although these substances were quantified in air, it is not 
unexpected, that effects are not shown in this test-system. Because of the fact that the 
detection limit is relatively high, it is possible that certain effects are lost during preparation of 
samples due to dilution. Dielectric is prepared according to the standardized procedure [ASTM 
E1687 – 98, 1998]. It is of no use to optimize this test because the correlation with the in-vivo 
test system will be changed too with any change in test-procedure. 
The air-extracts result in a genotoxic response in the umu-C assay if no metabolic fraction (S9) 
is added. Furthermore, this response, though relatively small, could only be detected if the 
Dunnett’s procedure was used in evaluation (chapter 3, figure 3.33). The umu-C assay is very 
sensitive for aromatic hydrocarbons. In general, these substances have to be metabolized 
before they show a genotoxic effect. The observed results are not in compliance with the 
expectations. The test, that included a metabolic fraction, did not show a genotoxic potential for 
the air samples tested. The reasons for this can be equal to those as already described before 
(loss of certain possible effects due to dilution procedures in preparation). Instead, the results 
indicate that one or more substances are present that have initial genotoxic properties. After 
metabolization, this effect seems to disappear (detoxification). Most known carcinogenic 
substances have to be metabolized before they possess carcinogenic properties. There are 
substances that do not need this metabolization. Examples are nitro-aromatic compounds and 
some chromate-containing substances [Koeman, 1983]. Chemical characterization and/or other 
additional genotoxicity/mutagenicity assays can add additional information. 
The observed effect in the current investigation was very small. Therefore, at first, additional 
tests have to be performed to exclude random effects. Next to that, it has to be remembered 
that the umu-C assay is not meant for the testing of other, than water-based extracts. This 
research tested DMSO-cyclohexane extracts. The solvents themselves do also possess 
genotoxic potential. Cross reactions may occur between solvent and sample-substances 
resulting in possible genotoxic byproducts. Before the observed response will be investigated 
further by use of additional testsystems, the umu-C test has to be validated using the expected 
genotoxic substance. 
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Efficacy of the air filtration system 
An encased structure with serial connection to the air filtration system (AFS) from Mahle is used  
to test the air filtration unit that are part of the standard equipment of the AFS.  
  
Figure 4.3 Air filtration unit from the air filtration system. The left picture is a photograph of the 
unit. The right figure shows the filtration principle: aerosol containing air is guided 
through the filter thereby letting the aerosols flow together forming 
drops(coalescence). If the drops reach the end of the filter, they will fall down due to 
gravity.  
The filtration principle of the air filtration units is based on coalescence, which means that 
aerosol drops are attached to fibers leading to coalescence. Large drops form and will fall down 
under forces of gravity.  
The efficacy of this filter-principle is tested in this project using aliphatic compounds (aerosol 
part) as a reference. The results are based on a statistical comparison with a non-EDM 
situation. They indicate that filtrated air, captured during EDM, has equal qualitative properties 
(regarding aliphatic compound concentrations) as air captures in a non-EDM situation. Future 
research should focus on a qualitative and quantitative analysis of hazardous substances of the 
outlet-air. 
One disadvantage of this air-filtration system is that is does not separate gaseous substances 
from polluted air. Depending on the outcome and conclusions of the current research project, 
future research can focus on the implementation of other absorbers instead of glass fiber filters, 
XAD-2, for example. 
4.1.5 Conclusion 
Air based emissions are chemically quantified at the process of electrical discharge machining 
in an encased structure. A controlled variation of work-piece, tool, dielectric level and current 
adjustments has shown that all of these variables do have a strong influence on emission-
quantities. Future research can focus on the relationship between physical properties/atomic 
structures of the metals used, and arising emissions. Emissions into the dielectric show that 
future attention has to be paid to the implementation of personal protection measures, like 
wearing gloves. Due to the existence of several health (skin) threatening aspects, limitation of 
exposure is the most efficient solution.  
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Next to chemical analyses, biological test systems (modified Ames and umu-C-assay) are 
performed. The observed small genotoxic property of an air-extract tested with the umu-C assay 
supports the necessity to further validate the umu-C assay and to use more biological test 
systems as an effect parameter in the characterization of air-based emissions. 
S.EVERTZ – ELECTRICAL DISCHARGE MACHINING: EXPOSURE ASSESSMENT 
123 
4.2 Immission based monitoring 
4.2.1 General 
The methods that are developed and optimized in the controlled environment during emission 
based monitoring should at the end be used for routine-measurements in industry. The 
sampling conditions should be easy to implement and adjust for the machine-operators and the 
sampling personnel. Next to these practical considerations, the developed methods in this 
project should be externally validated. This has already been discussed in paragraph 4.1.2.2 
‘Systematical errors’.  
The sampling hardware, developed by the Institute of Industrial Safety of the German federation 
of Institutions for Statutory Insurance and Prevention (BIA), has been used for sampling during 
this investigation. The method for analysis of aliphatic hydrocarbons (using IR) in an EDM 
environment, developed by BIA [BIA, 1995], has been copied and applied during the immission 
based monitoring part. The objective of this copy has two sides; on the one hand the obtained 
results are used for comparison with historic results from BIA to support external extrapolation 
possibilities, on the other hand the obtained results are used for internal standardization, which 
means that all other methods (starting with the alternative analysis of aliphatic hydrocarbons 
using GC/MS) can refer to this original method, with regard to sampling and handling 
procedures.  
Extraction with
Cyclohexane
Chemical
testing
Air sampling with
GGP-BIA system
Substances tested:
1. Sum aliphatic hydrocarbons
2. Polycyclic aromatic hydrocarbons
3. Nickel and Chromium
Toxicity
testing
1. IR / GC/MS
2. GC/MS
3. AAS
umu-C ß-Galactosidase units
 
Figure 4.4 Overview of sampling/handling and analyzing activities using BIA devices (GGP-BIA 
system). 
The described methods in this figure are all optimized. The chemical part (see marked arrows in 
figure 4.4) is actually applied in the industrial environment. The laboratory methods are identical 
as those used in the emission based monitoring part. Regarding the preparation steps, all 
volumes of solvents are decreased in relatively equal amounts as those used for the ‘emission-
based samples’. For the sampling procedures, existing protocols were followed. One major 
disadvantage of the followed procedure was that no samples could be tested using an effect-
based parameter (umu-C assay). The remaining sample material after preparation was too 
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small. Next to that, the measurements in industry are subject to many possible interactions, like 
emissions from neighboring machines, temperature/humidity conditions, air-flow (depending on 
certain doors or windows that are open or closed), work-operator’s behavior etc. These factors, 
that are very hard to control, may lead to mean results with high standard deviations. A power 
analysis has no advantage, because, due to the severity of influencing variables, it is hardly not 
possible to obtain the necessary variations, that serve as input in a power calculation. The 
results gathered during the immission based monitoring part provide are a quick view of a 
momentary hygienic situation. They can, however, add additional information, if they are 
combined with the results from the emission based monitoring part. Paragraph 4.3 will discuss 
that aspect. 
4.2.2 Measurements at Erotec AG 
The results from the air-based chemical measurements at Erotec AG show that polycyclic 
aromatic hydrocarbons as well as volatile organic compounds could be detected. The quantified 
concentrations are far below the limit values as presented in chapter 3, table 3.25. The aliphatic 
compounds, however, can exceed the limit values in particular cases. This is also the case for 
chromium. Both values are exceeded in the dielectric tank as well as in the breathing zone of 
the machine operator. Concerning chromium, there are two main considerations that play an 
important role in interpreting the results; 
1. A possible risk is underestimated; although the concentrations in the breathing zone do not 
exceed the limit values in large proportions (they are almost equal), special attention should 
be paid to the chromium results. The quantified amount (54.2 µg/m3) is the actual 
environmental concentration after 10 minutes of sampling. This means the machine has 
been processing for only 10 minutes also. In normal industrial environments, electrical 
discharge machining can reach production times up to 1 hour minimally. This means 
concentrations will probably rise too and can be exceeding limit values (chromium: 50 
µg/m3), in particular cases to extensive degrees. Furthermore, and perhaps most important 
is the fact the limit value is a technical concentration. These concentrations are not based 
on toxicological data, like MAC values (maximum allowed concentrations), that are based on 
no-effect levels, for example. Because of the fact that in specific technical manufacturing 
processes, emissions of carcinogenic substances can not be avoided and because 
exposition to these substances can not be excluded for 100%, limit values are needed in 
occupational risk monitoring. MAC values can not be used because carcinogenic 
substances do not have a no-effect level (one-hit model). In these cases, so called 
Technical Concentrations (TRK) are used. They reflect the lowest achievable emission-
concentrations. In other words, maximum concentrations that can be reached regarding the 
current technical state of the art. TRK values are not equal to MAC values; health effects 
can not be excluded even if TRK values are not exceeded [N.N., 2001]. 
2. A possible risk is overestimated; another, very important aspect concerning the risk 
evaluation is that the applied limit value for chromium is valid for chromium6+ compounds. 
There are several chromium forms (see also paragraph 1.4.1.4). Chromium6+ is defined as a 
carcinogenic compound. However, one of the properties of chromium 6+ is that is can be 
very easily transformed to other chromium forms [WHO, 1988]. During this investigation the 
assumption is made that all emitted chromium is present as chromium6+, which may be an 
overestimation of the actual chromium6+ concentration in the air. 
Until now, there are no investigations that have also quantified chromium concentrations. Simon 
[1977] has quantified nickel emissions directly above the actual processing location (2 cm away 
from the dielectric). The concentration was 2.7 mg Ni/m3 fume. No additional measurements in 
the breathing zone were executed. A direct comparison with the results collected in this 
investigation is not possible because no information is available regarding the used work-piece, 
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in Simon’s investigation, on the one hand, on the other hand a difference in sampling location 
exists: during this investigation the location was about 50 cm away from the dielectric.  
The main conclusion that can be drawn from these data is that metal emissions strongly depend 
on the used work-pieces and may reach health threatening concentrations in air where machine 
operators work and breathe. 
Next to these air samples, dielectric samples, but no slurry samples are taken for mutagenicity 
testing (modified Ames). The used dielectric has no mutagenic property. For reasons as 
mentioned above, chemical tests concerning the dielectric are not useful. For risk evaluating 
reasons it does not add additional information because of the absence of health based limit 
values for dielectric pollution.  
4.2.3 Conclusion 
Following the results of the emission based monitoring, during immission based monitoring the 
same trend appears. Aliphatic compounds and, even more important, metal concentrations are 
relevant parameters in the risk evaluation of the EDM process. Although the results have to be 
interpreted carefully, a quick scan of an existing hazardous situation can be performed.  
The following paragraph uses the data collected during emission based monitoring and 
immission based monitoring to add more information to hazard evaluation. It describes the 
development of a risk valuating concept. 
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4.3 Risk valuation 
4.3.1 General 
Risk assessment is a step-wise process combining different activities. Most important is the 
initial step; the hazard identification. In this step, a number of questions are to be answered.  
Hazard identification 
1. What substance(s) is (are) involved; mostly preliminary investigations could give insight in 
possible substances. Discussing the chemical and physical processes that take place during an 
industrial process, like for example EDM, can actually give this insight too. 
Hazard
identification
Risk
characterization
Environmental
monitoring
Biological
monitoring
 
Figure 4.5 Risk assessment and evaluation in occupational environments [RIVM, 2001] 
Most important is the initial step; the hazard identification. In this step, a number of questions 
are to be answered.  
1. What substance(s) is (are) involved ? Mostly preliminary investigations could give insight in 
possible substances. Discussing the chemical and physical processes that take place during 
an industrial process, like for example EDM, can actually give this insight too. 
2. What are the physicochemical properties ? Once substances have been identified, their 
properties can usually be found in manuals of chemistry and physics. Properties like 
volatility, vapor pressure and solubility (in water, oil, etc) but also particle size and stability, 
are important data.  
3. What are the toxic properties ? Known toxicity data generally is related to research on 
experimental animals. Extrapolation to man has to be made. Other important data are those 
on mode of action; effects observed after short term or long term exposure; where do 
substances act (respiratory tract, liver, offspring); exposure-effect curves.  
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4. How do workers come into contact with the substance in question ? What are the routes of 
exposure and uptake? Depending on their physicochemical properties and processing 
practices within the plant, substances may be absorbed by inhalation or via the skin.  
5. How can chemical exposure be identified ? The presence of a chemical substance within 
work premises does not necessarily mean there is exposure to it, and exposure does not in 
itself imply uptake by the organism. Both of these can be ascertained by measurements. 
The various methods available are referred to collectively as exposure monitoring. A 
distinction is drawn between environmental monitoring (measurements in the area in which 
the person works) and biological monitoring (measurements on the person himself). 
Depending on the answers to these questions a decision can be made of how to proceed; 
should the environment, the working personnel or both be monitored ? In this project the 
process of electrical discharge machining has been analyzed, using the above mentioned 
questions as a guideline.  
During EDM there are several toxicologically relevant substances that can arise: aliphatic 
compounds, polycylic aromatic hydrocarbons, volatile organic compounds, heavy metals and 
nitro-aromatic hydrocarbons. Of all of these substances appropriate data is present concerning 
their toxic properties, like dose-effect relationships. There are three direct main sources in which 
these substances may concentrate; dielectric, slurry and air (aerosols and/or gases). The 
working personnel, the operators, can be exposed to either compartment although the 
exposure-time and or –level do differ. Exposure to air (inhalation exposure) is much more 
relevant than exposure to slurry (skin exposure). Exposure to dielectric has a high relevance 
too, although in most industries there are lots of protection measures, like gloves, present. 
Preliminary research has lead to the assumption that the aliphatic compounds have highest 
relevance, regarding their presence and their quantities in EDM-emissions. All other substances 
sometimes were quantified, but could always be detected in trace amounts. Because of the low 
exposure levels and short exposure periods to the toxicological relevant substances, biological 
monitoring is not usable as a means to estimate the risk of working at an EDM installation. 
Other exposure (lifestyle like smoking and nutrition) could confound the exposure effects due to 
EDM emissions. For these reasons, it has been decided to monitor the environment and not the 
operators [Stumpel, 1989, Boleij, 1987, Struyker-Boudier, et al, 1985]. 
Environmental monitoring 
Environmental monitoring at the work place requires knowledge of analytical procedures and a 
protocol that describes where, when, how, how often and for how long measurements should be 
taken in order to provide a reliable estimate of the exposure. A measurement strategy is based 
on a large number of considerations, the main ones being; 
1. The measurement objective; the aim may be to define an overall classification of exposures, 
to determine the chemical exposure of persons performing a specific task; 
2. Degree of reliability required; do the results need to be 80% reliable or 99% reliable ? 
3. Knowledge of sources of error and the size of the error introduced; a variance of unknown 
size creeps into measurements, made up of analytical, strategic and associated factors; 
4. Cost aspect; primarily as important as regards the number of samples to be taken and the 
manpower required. 
In this project the environmental monitoring is split in two sub-parts; an emission based 
monitoring part and an immission based monitoring part. Both parts have different objectives. 
The main objective of the emission based monitoring part is related to the electrical discharge 
machine itself. It is focussed on the emission rates that arise as a cause of a number of EDM 
adjustments like change of current, dielectric level, work-piece and tool. This part should result 
in a descriptive overview that can give insight in possible emissions of specific substances 
during electrical discharge machining with specific technical adjustments set. For each 
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substance, or group of substances, a modeling scenario can be built to estimate possible 
emissions in other industrial environments. An encased structure has been build around an 
EDM installation to reach this objective. This encasement allows maximum reliability in 
sampling. It has been structured in such a way, that possible errors in sampling and manpower 
required are minimized [Niesink, 1996, Koeman, 1983].  
The main objective of the immission based monitoring part is divided in two sub objectives; first 
is concerned with the implementation of the different developed methods in industry, the second 
is based on the use of the emission-estimation model built during the emission based 
monitoring part. The estimated emissions can be compared with the actual emissions in 
industry. This part is called immission based monitoring because the environment is monitored 
in which personnel works and breathes, in other words an indication of the environment to 
which workers are exposed to (immission) is monitored. 
Risk characterization 
After assessment of exposure by immission based monitoring and emission based monitoring 
possible risks can be classified. In this step several complicating factors should be taken into 
account, for example multiple exposures and individual risk factors. The latter include hereditary 
or acquired abnormalities in toxicokinetics and/or dynamics which may often cause increased 
sensitivity to certain substances [Niesink, R.J.M., 1996, Koeman, J.H., 1983].  
During this investigation, risks are classified by comparing calculated concentrations of 
substances with limit values (like MAC). The last paragraph, describing immission based 
monitoring has focussed on that part. On the other hand, an emission estimating model is set-
up, which may be used for estimating arising concentrations of specific substances during EDM, 
that can be compared, in turn, with the limit values. In this way a risk valuation model can be 
built. Future research can focus on the validation and standardization of this model.  
4.3.2 Risk valuating concept 
During this project, an encased structure around an EDM installation is used for emission based 
monitoring. The results of some measurements are used as input in a worst case scenario that 
provides insight in the substances that are relevant for human health, concerning appearance 
and quantities. In the following section, an example (aliphatic hydrocarbons) is used to show the 
calculation model used for this prediction. 
For the worst-case scenario the quantified results are used from the sampling days at which the 
following adjustments were set; current 192A, dielectric level 35mm, workpiece X36CrMo17 and 
tool R8340. The sampling and following analysis of emission of aerosolic aliphatic hydrocarbons 
resulted in a quantified emission of 158 mg/min. The limit value for aliphatic hydrocarbons that 
are bound to aerosol is set by BIA and is equal to 5mg/m3. To use the calculated emission of 
these compounds in a worst-case scenario some assumptions have to be made: 
1. The EDM machine operates in a working hall with a total volume of 500m3 ; 
2. In this working hall there is no ventilation, there are no windows and all doors are closed 
during operation; 
3. The emissions that arise during electrical discharge machining are directly and totally 
distributed through the working hall.  
In case all the technical EDM adjustments are set, we can use the above mentioned 
assumptions to make the following calculation;  
Measured aliphatic hydrocarbons:  158 mg/min 
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Limit value      5 mg/m3 = 2500 mg in the working hall 
EDM production time to release 2500 mg: 16 minutes 
From this calculation, the conclusion can be drawn that under the above mentioned 
assumptions the BIA limit value in the working hall will be exceeded after 16 minutes of EDM 
processing. 
Next to this worst-case calculation for emission of aliphatic compounds the other analyzed 
compounds are used as input for identical scenarios. The following emission values are used; 
Table 4.4 Overview of emission values used for the applied worst-case scenario 
Substances Emission [mg / min] Limit value [mg / m3] Origin 
Polycyclic Aromatic hydrocarbons (total) 0.00421 0.1 ATSDR 
Benzene 0.366 8 MAC 
Chromium6+ 3.7 0.05 TRK 
Emission, limit values and the origin of the limit values.  
PAH limit values are based on the limit value for coal tar products set by the ATSDR (Agency 
for Toxic Substances and Disease Registry), the benzene limit value is identical to MAC 
(Maximum Allowed Concentration) and the chromium limit value is corresponding to the TRK 
value (technical concentration). 
Using the same calculation steps as described before, the following figure can be plotted. 
0 5 10 15 20 25 30 35 40 45 50
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EDM processing time [min]
 
Figure 4.6 EDM processing time necessary to establish working hall air concentrations identical 
to the limit values under worst-case conditions. 
From this figure, which plots the EDM-time that is necessary to reach limit values, it can be 
directly concluded that aliphatic hydrocarbons and chromium are the substances that are 
relevant for risk evaluation. The calculated production times are 7 minutes for chromium and 16 
minutes for aliphatic compounds. At the end of both EDM production times the air in the working 
hall will contain concentrations of these substances that are equal to the limit values. EDM 
12000 min. 
11000 min. 
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production time that exceeds the calculated times will therefore create a hazardous situation. 
The polycyclic aromatic hydrocarbons will reach concentrations equal to the limit value after 
12000 minutes (200 hours). For benzene, which has been used as a reference for BTEX, this 
same conclusion can be withdrawn. Limit value will be exceeded after 11000 minutes of EDM 
processing time.  
Although the above calculated scenario is a so called worst-case scenario, it can be concluded 
that PAH and BTEX are not relevant for routine monitoring in normal situations where ventilation 
systems are available and where windows and doors can be opened. Aliphatic hydrocarbons 
and chromium will be used for a more specific scenario. 
Emission calculation using input; current and dielectric level 
Data is gathered concerning the emissions of aliphatic compounds and chromium. The 
influence of changes in current and dielectric level on these emissions is quantified. The 
information is used as input for statistical analysis ‘Multiple regression’. This analysis produces 
two individual predictive models, for emission of aliphatic compounds and chromium 
respectively. It must be kept in mind that these models will only be valid for those EDM 
processes that have the same technical adjustments set during operation. 
Table 4.5 Results of multiple regression analysis; aliphatic compounds (IR-Filter) 
 Unstandardized 
Coefficients 
  T Sig. 95% Confidence 
Interval for B 
  
 B Std. Error     Lower Bound Upper Bound 
Constant -66.127 11.249 -5.879 0.000 -88.447 -43.807 
Current 0.343 0.077 4.435 0.000 0.190 0.497 
Level 1.766 0.149 11.842 0.000 1.470 2.061 
Dependent Variable: Aliphatic comp. [µg/min], predictors current [A] and level [mm]. Significance 
for each predictor is presented. A 95% confidence interval is also presented for the 
unstandardized coefficients. 
The model that is valid for the emission of aliphatic compounds is equal to: 
Aliphatic compounds  
[mg/min] = -66 + (0.34 *Current [A]) + (1.8 * Level [mm]) 
Using this formula, a figure can be plotted which shows the emission development of aliphatic 
compounds as a result of changes in current and level. The results from aliphatic hydrocarbons 
analyzed with IR are used as input for the modeling scenario.  
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Figure 4.7 Emission development of aliphatic hydrocarbons during EDM predicted by current and 
level adjustments. 
It can be concluded that, as expected, current and level do have a positive influence on the 
arising of emission of aliphatic hydrocarbons. In the lowest regions (level 20-40mm, current 10-
100A) the emission area is folded, which means the emission development does not follow a 
linear pattern between these adjustments.  
The results of IR measurements have been discussed before, regarding the contradiction 
between observed and expected outcome. 
Table 4.6 Results of multiple regression analysis; chromium 
 Unstandardized 
Coefficients 
  T Sig. 95% Confidence 
Interval for B 
  
 B Std. Error     Lower Bound Upper Bound 
Constant 1.334 0.240 5.561 0.000 0.854 1.814 
Current 1.524E-02 0.002 9.406 0.000 0.012 0.018 
Level 3.435E-03 0.003 1.003 0.320 -0.003 0.010 
Dependent Variable: Chromium [mg/min], predictors current [A] and level [mm]. Significance for 
each predictor is presented. A 95% confidence interval is also presented for the unstandardized 
coefficients. 
Although the predictive variable ‘level’ has no significant influence in a model combined with 
‘current’ as a predictive variable (significance > 0.05), the model for both variables is built for the 
emission of chromium and is equal to: 
Chromium 
[mg/min] = 1.3 + (0.02 * Current [mm]) + (0.003 * Level [mm]) 
Using this formula, a figure can be plotted which shows the emission development of aliphatic 
compounds as a result of changes in current and level. 
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Figure 4.8 Emission development of chromium during EDM predicted by current and level 
adjustments. 
It can be concluded that current has a positive influence on the arising of emission of chromium. 
The effect of level on the emission of chromium is minimal. The statistical analysis itself already 
showed the lack of significance of level as a predictive indicator for chromium emission during 
EDM machining. 
Now that the aliphatic hydrocarbon emission and chromium emission are modeled using the 
technical EDM adjustments (current and dielectric level) as input parameters, the model can be 
extrapolated to an industrial environment to predict possible emissions arising with specific 
technical adjustments.  
4.3.3 Extrapolation to industry 
During the second measurement at Erotec AG in the new working hall, work-piece and tool are 
kept identical to the material used during emission based monitoring. Although the dielectric 
was not the same, an attempt has been made to use the same adjustments, set during the 
emission based monitoring part at WZL, at the EDM installation at Erotec AG to predict the 
possible emissions of aliphatic compounds and chromium. 
Table 4.7 Adjustments EDM-installation at Erotec AG 
Tool / Work piece R8340 / X36CrMo17 
Dielectric Oel Held 
Level 60 mm 
Current 64 A 
 
During electrical discharge machining an air-ventilation system was present. The ventilation rate 
was about 250 m3/hr.  
Using the parameters in table 4.7 as input for the emission predictive models for aliphatic 
compounds and chromium an expected emission for both substances is calculated. 
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Table 4.8 Expected emission during EDM at Erotec 
Substances Emission [mg/min] Emission per sample [mg] 
Aliphatic compounds 64 640 
Chromium 2.8 28 
Calculated emission-rates and total emission per sample (sample time 10 minutes). 
The EDM machine at Erotec AG, contains a dielectric tank with a volume of 2 m3. Once filled 
with dielectric the resulting air volume will be about 1 m3. Because of the fact that the ventilation 
system should theoretically be able to extract all the polluted air, that arises during EDM, from 
the ‘dielectric-tank-air’. For reasons of complexity, it is therefore assumed that all the arising air 
flows from the extra-machinal environment into the ventilation system, creating a theoretically 
closed system. During a 10 minute interval this would suggest that all polluted air should be 
contained in an air volume of 42 m3 (250m3/hr / 6). 
Aliphatic compounds 
The calculated emission (640 mg) will be distributed over 42m3 of air. The resulting expected 
concentration will be equal to 15.2 mg/m3. During immission based monitoring, an air 
concentration of 8 mg/m3 is quantified directly above the processing location (within the 
theoretically closed ventilation system). The ratio [expected concentration : actually monitored 
concentration] is equal to 2.  
The monitored concentration of aliphatic compounds in the breathing zone was equal to 0.8 
mg/m3 (see chapter 3, table 3.26), which is equal to a dilution of a factor 10 when compared to 
the concentration above the processing location. Regarding the results so far a linear 
relationship in emission can be expected. This means that it is theoretically possible to predict 
the EDM processing time that is necessary to create an air concentration of aliphatic 
hydrocarbons in the breathing zone that is equal to the limit value.  
Limit value        5 mg/m3 
Dilution factor concentration process location -> breathing zone  10* 
Ratio expected : monitored concentration    2 
This would mean that the calculated (not the monitored !) concentration (to reach limit values in 
the breathing zone) within the theoretical closed ventilation system should be 5*10*2= 100 
mg/m3. 
Formula calculation concentration using calculated total emission:  
Calc. concentration =  cal. emission / volume air ventilation  
100 mg/m3  = X  / 42 m3 
X = 4200 mg 
Regarding an emission rate of 64 mg/min this would mean that in the breathing zone the 
concentration of aliphatic compounds, under the described conditions, would be equal to the 
BIA limit value after 65 minutes (4200/64).  
Chromium 
The calculated emission (28 mg) will be distributed over 42m3 of air. The resulting expected 
concentration will be equal to 0.67 mg/m3. During immission based monitoring, an air 
concentration of 0.13 mg/m3 is quantified directly above the processing location (within the 
theoretical closed ventilation system). The ratio [expected concentration : actually monitored 
concentration] is equal to 5. 
The monitored concentration of chromium in the breathing zone was equal to 54 µg/m3 (see 
chapter 3, table 3.26) which is equal to a dilution-factor of 2.4 when compared to the 
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concentration above the processing location. Regarding the results so far a linear relationship in 
emission can be expected. This means that it is theoretically possible to predict the EDM 
processing time that is necessary to create an air concentration of chromium in the breathing 
zone that is equal to the limit value.  
Limit value        0.05 mg/m3 
Dilution factor concentration process location -> breathing zone  2.4* 
Ratio expected : monitored concentration    5 
This would mean that the calculated (not the monitored !) concentration(to reach limit values in 
the breathing zone) within the theoretical closed ventilation system should be 0.05*2.4*5= 0.6 
mg/m3. 
Formula calculation concentration using calculated total emission:  
Calc. concentration =  cal. emission / volume air ventilation  
0.6 mg/m3   = X  / 42 m3 
X = 25.2 mg 
Regarding an emission rate of 2.8 mg/min this would mean that in the breathing zone the 
concentration of chromium, under the described conditions, would be equal to the TRK limit 
value after 9 minutes (25.2/2.8).  
Interpretation and conclusion 
The assumption is made that the ventilation conditions are equal to a closed air-ventilation 
system. This would mean that no pollution would reach breathing zones. The calculated 
concentrations within this theoretically closed air system, however, are consequently higher 
than the actually monitored concentrations. This suggests that the air system is not 100% 
closed. A specific ratio of air will be emitted into the breathing zone. This ratio is calculated, and 
is representative for the specific substance and describes the difference between expected and 
monitored. This ratio has been used in further risk calculation under the assumption that it will 
not change. The emissions into the breathing zone will remain equal (as a percentage of total 
emission-rate). Furthermore, the above mentioned assumption is projected on the actually 
monitored concentrations in breathing zone and above process location. A so called dilution 
factor is calculated and the assumption is made that this dilution factor will remain equal (as a 
function of a linear relationship). Once the ratios are known, a backwards calculation scheme 
can be used to estimate EDM processing times necessary to reach specific concentrations. 
The present investigation, and specifically, the used risk valuation model, leads to a very 
important conclusion. Until so far, emissions of aliphatic compounds have been used as an 
indicator for the hazardous potential of the process of electrical discharge machining. Chromium 
emission, however, is underestimated so far. The results indicate that the hazard caused by 
chromium is much more relevant than the hazard caused by aliphatic compounds, regarding 
exposure levels (after 9 minutes exceeding limit values compared to 65 minutes for aliphatic 
compounds) and subsequent toxicological effects. 
Regarding the health effects of chromium; breathing high levels of chromium6+ can cause 
irritation to nose, such as runny nose, nosebleeds, and ulcers and holes in the nasal septum. 
Ingesting large amounts of chromium6+ can cause stomach upsets and ulcers, convulsions, 
kidney and liver damage, and even death. Skin contact with certain chromium6+ compounds can 
cause skin ulcers. Some people are extremely sensitive to chromium6+ or chromium3+. Allergic 
reactions consisting of severe redness and swelling of the skin have been noted. The world 
health organization has determined that chromium6+ is a human carcinogen [WHO, 1988].  
Future investigations should focus on metal emissions during EDM. In case of chromium, which 
is often part of the composition of the work-piece, more detailed information should be gathered 
regarding chemical exposure (Cr6+ or Cr3+), health status of people who work as operators 
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(interviews) and actual adsorption by the human body, for example, biological monitoring using 
urine [Fischbach, 1984, Konietzko, 1998, Bennington, 1984]. 
4.3.4 Recommendations 
Although all results have to be interpreted carefully and although a lot of assumptions have 
been made, a careful conclusion can be drawn. Heavy metal emissions depend on the work-
piece used. In this investigation the applied work-piece consisted of a large proportion of 
chromium. Chromium concentrations found in air-emissions during EDM reach hazardous levels 
in the work-area of machine operators. Recommendations regarding hazard reducing measures 
should focus on these substances rather than on aliphatic compounds. Next to that, they should 
focus on air-load with hazardous substances. They can be divided in two main categories: 
source related measures and end-of-pipe measures.  
Source related measures 
Technical parameter adjustment 
In figure 4.8, the relationship between current/level and chromium air-emissions is plotted. The 
hazard calculations in regard to the risk valuating concept are based on a current of 64A and a 
dielectric level of 60mm. If the current is set to 32A this would result in an expected chromium 
emission of 2.12 mg/min (decrease of about 30% in expected emission). If the same 
assumptions are taken into account an exceeding time (of the limit value) of about 12 minutes 
(9 minutes + 30%) remains. This is a gain in time of 3 minutes, which is almost irrelevant. 
Dielectric level almost has no influence at all, as can directly be concluded regarding figure 4.8.  
The effect of work-tool variations on emissions will probably not result in lower air-emissions 
allowing people to work without personal protection. In figure 3.15 (chapter 3) it can be seen 
that chromium emission varies for about 30% in case of a different tool. Taken into account the 
former calculation (current = 32A), the effect on actual risk reduction will be almost equal.  
In general, regarding the state of the art at this point, specific technical adjustments will not 
suffice to create a non-hazardous environment for machine operators. The combination of two 
or more technical adjustments, however, could improve hazardous situations. Furthermore, 
source-related measures will decrease total emission to air as well as to dielectric, and will 
therefore always have high priority. 
End-of-pipe measures 
Encasement and/or Ventilation system 
An encasement, that captures all or most of the arising emissions and guides these emissions 
into a filtration system directly results in a disappearance of work-operator’s exposure and 
thereby reduces risk to a minimum. The main disadvantage of this measure is that changing 
work-tools and work-pieces will cost more time because the encasement has to be removed 
before handling. 
Protection measures 
Personal protection, like gas-masks and gloves may be sufficient to reduce risks. In routine 
manufacturing, however, these measures will probably not be followed. These measures limit 
the operator’s handling abilities and are therefore defined as inconvenient.  
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Instructions 
Proper instructions regarding the EDM process and its hazards, regarding handling-activities in 
relation to health risks, can contribute to the knowledge and confidence of machine operators 
thereby excluding environmental pollution by handling errors. 
A combination of source-related (technical adjustments) and end-of-pipe measures 
(instructions, recommendations) will probably result in a healthier environment for the machine-
operators to work in. What kind of measure suffices for a specific manufacturing situation, can 
be estimated by a thorough analysis of the manufacturing process to be applied. A routine 
monitorings-system that uses as input: material (metals and dielectric) to be used, technical 
parameters (current, dielectric level, ventilation flow, etc) and exposure data (protection 
measures available, encasement available, distance of machine operators to EDM process, etc) 
provides a decent set of data to define specific recommendations regarding possible measures. 
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5 Conclusion 
Electrical discharge machining: exposure assessment 
The main objective of this thesis is the establishment of an instrument for assessing machine 
operator’s exposures to emissions of the sinking process of electrical discharge machining, as it 
is used in manufacturing nowadays.  
All methods and techniques to reach the main objective are optimized using pilot-
measurements. Hereby, the results regarding examined hazardous substances are statistically 
supported. Using the chemical methods and techniques, air based emissions are quantified at 
the process of electrical discharge machining in an encased structure. A controlled variation of 
work-piece, tool, dielectric level and current adjustments has shown that all of these variables 
do have a strong influence on emission-quantities. The different obtained emission estimating 
models using regression analyses, can be used to estimate reduction in emissions of specific 
substances hereby optimizing a possible hazardous situation. Future research can focus on the 
relationship between physical properties/atomic structures of the metals used and arising 
emissions.  
Emissions in dielectric show that future attention has to be paid to the implementation of 
personal protection measures, like wearing gloves. Due to the existence of several health (skin) 
threatening aspects, limitation of exposure is the most efficient solution. Next to chemical 
analyses, biological test systems (modified Ames and umu-C-assay) are performed. The 
observed small genotoxic property of an air-extract tested with the umu-C assay supports the 
necessity to further validate the umu-C assay and to use more biological test systems as an 
effect parameter in the characterization of air-based emissions. 
The efficacy of the air-filtration-principle, which is attached to the EDM installation, is tested 
using aliphatic compounds (aerosol part) as a reference. The results are based on a statistical 
comparison with a non-EDM situation. Future research should focus on a qualitative and 
quantitative analysis of hazardous substances of the outlet-air. One disadvantage of this air-
filtration system is that is does not separate gaseous substances from polluted air. Depending 
on the outcome and conclusions of the current research project, future research can focus on 
the implementation of other absorbers instead of glass fiber filters, XAD-2, for example. 
The calculation of emission quantities to immission quantities using a simplified scenario shows 
the importance of metal emissions and emissions of aliphatic compounds, whose limit values 
will be exceeded after relative short production times. The concentrations of PAH and volatile 
organic compounds are present in very low, not significant quantities. The immission based 
measurements support this emission estimation scenario. 
General conclusion and recommendations 
The investigations have shown that the experimental model, that captures total emission of the 
electrical discharge machine, and is not solely based on immission values, have lead to a better 
understanding of the production process. This information can be used to extract 
recommendations regarding protection measures and monitoring aspects. 
Regarding the present investigation, the following recommendations are noted; 
1. The parameters that are subject to investigation have to be directed to the specific EDM 
technical adjustments. This is particularly valid for the emissions of metals (like chromium), 
that have high toxicological relevance, and that are highly dependent on the metals used as 
work-piece and tool during electrical discharge machining; 
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2. During routine monitoring, the total manufacturing process and the local environment have 
to be paid attention to. During informal meetings with manufacturers, the information was 
given that next to inhalation exposure to emissions, dermatological problems have 
appeared. Direct contact with dielectric and slurry has probably been the main cause of 
these problems; 
3. The need for, and the type of end-of-pipe measures has to be an individual recommendation 
and depends on the process, location, etc; 
4. The hazard reducing measures should not solely focus on end-of-pipe measures like 
recommendations and instructions. During routine manufacturing these instructions are not 
applied most of the time. A combination with a (or more) source related technical measures, 
like change in technical adjustments (current, dielectric level, workpiece and tool), 
cleaning/changing dielectric, has higher hazard reducing potential; 
5. Contact with dielectric (air borne or direct) may lead to allergic reactions (mostly skin). 
Operators that show these problems have to consult a practitioner and an occupational 
medicine man. Further activities should not only be focussed on the treatment of the 
operator but also on prevention by inspection and optimization of the manufacturing process 
in the specific plant. 
Future research 
Regarding all gathered data recommendations can be defined regarding future research. This 
should be focussed on several subjects; 
1. Optimization of sampling and chemical laboratory methods; there is still a lot of research to 
be performed in the optimization of applied methods. The main objective should be focussed 
on the minimization of variation in analytical results; 
2. Next to the two effect based parameters, detecting mutagenic and genotoxic properties, 
applied in this investigation, other parameters could be applied. Those parameters should 
be sensitive to different kind of chemical hazardous substances (-groups); 
3. Additional emission based measurements have to be performed to support trends that are 
already detected. In case of different tools and workpieces, attention can be paid to physical 
properties and atomic structure in relation to emission loads; 
4. More comparable immission based measurements have to be performed in EDM industries 
as well as other metalworking industries. Implementation of optimized methods in other 
areas may result in an integral risk (comparable) model; 
5. The emission estimation model has to be optimized. At this point a lot of assumptions form 
the basis of this model. These assumptions should be supported by gathered data, as well 
originating from emission based measurements as from immission based measurements. 
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6 Summary 
Many occupational diseases are caused by hazardous substances. The total number of 
recognized occupational diseases in Germany in 2001 was 17171 cases. From 6433 new cases 
of recognized occupational diseases in Germany in 1995 more than fifty percent were due to 
hazardous dusts, mists, vapors or gases. It can be assumed that most of these emissions are 
produced by machines operated in working areas. In Germany, about 8000 sinking- and 6000 
wire cutting-machines are in use, which shows the high acceptance of this concept as an 
industrial manufacturing process. Its benefits, compared to conventional processes, like milling 
and grinding, lie in the machining of materials with high hardness and strength as hardened 
steel tungsten carbide or conductive.  
There are several environmental aspects that are influenced by EDM. Health of machine 
operators can be attacked by exposure to chemicals that arise during the process and are set 
free to air, dielectric and slurry. Until now, risk assessment has been based upon the 
comparison of concentrations of aliphatic compounds (as a sum parameter) in breathing zones 
with the existing advisory limit values. No individual substances with high toxicological 
properties have been analyzed so far, no effect-orientated test systems (biological systems) 
have been used and last but not least, there has never been a decent investigation that 
scientifically focussed on the determinants of the arising emissions, like work metals, dielectric 
levels and current.  
The main objective of this investigation was the establishment of an instrument for assessing 
the exposure of machine operators of the sinking process of electrical discharge machining, a 
hazard valuating concept. The assessment of exposure will therefore provide opportunities to 
map the hazards of a specific EDM manufacturing process in an industrial plant, by using data 
from emission-based measurements as input. Once mapped, the hazards for machine-
operators can be assessed under these specific conditions on the one hand. On the other hand, 
this emission estimation model can be used to find these EDM settings that minimize the health-
risks for machine-operators to the lowest achievable levels.  
Laboratory and sampling methods and techniques; 
The usage of an encased structure and the use of different sampling locations lead to 
representative sampling results. Next to the sampling conditions, all laboratory methods used 
for preparation and measurement of the different sample matrices are optimized and validated.  
Results gathered with IR as well as GC/MS, are compared with each other. Results gathered 
with GC/MS are higher than those gathered with IR (factor 2 to 3, see chapter 3, figure 3.12). 
Although this does not support compliance, these results have to be interpreted carefully. 
Because of the fact that during both extraction procedures different solvents are used, different 
recovery rates may occur. This will be reflected in the results. A comparison is made between 
some results of existing research performed in an industrial environment. Results gathered 
during this project do not differ from other existing results in a way that can not be explained by 
normal variation caused by technical adjustments and or sampling conditions.  
Regarding the sub-parameters that have been measured during all sampling days, temperature 
and relative humidity, there are variations visible between sampling days (temperature 
variations less than 10°C and humidity variations less than 20%). These variations can be 
explained by temperature developments during sampling, technical problems with the Mahle 
filter units and by weather conditions.  
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Emission based monitoring 
Two tools are tested for their effect on emissions during EDM, R8340 and R8500. According to 
the results, R8340 causes increased emissions of aliphatic compounds when compared to 
R8500. The fraction of cyclohexane extractable matter is also increased using R8340. PAH and 
nickel/chromium did, in contrast, not result in increased amounts in emissions. Amounts 
remained equal for both tools. Physical properties could be causing the differences in emissions 
as detected. Three work-pieces are tested for their effect on emissions during EDM, 
X3NiCoMoTi, 56NiCrMoV7 and X36CrMo17. According to the results, X36CrMo17 causes 
highest emissions of aliphatic compounds and cyclohexane extractable matter as compared to 
the other two work-pieces. PAH and BTEX emissions are not elevated for that work-piece but 
instead, however very small, X3NiCoMoTi causes increased emissions for those substance-
groups. Concerning nickel and chromium emissions, highest emission of nickel are found in 
those situations using X3NiCoMoTi as the work-piece and highest chromium emissions are 
found when X36CrMo17 is used as the work-piece. Both results are in compliance with the 
physical properties of both work-pieces; X3NiCoMoTi contains nickel but no chromium; 
X36CrMo17 contains chromium but no nickel. 
An increase in dielectric level will result in strong decreased emissions of volatile organic 
compounds (BTEX) and less strong decreased emissions of chromium and the polycyclic 
aromatic organic compounds (PAH). In case of aliphatic compounds it is not clear how the 
emissions of those substances are influenced. The results do not show strong decreasing 
effects (GC/MS), but rather an increasing effect (IR). This can be explained by the fact that IR 
and GC/MS do not measure the same endpoint. 
As expected, all analyzed substances and substance groups in EDM emissions increased with 
upgoing currents. 
The analyzed polycyclic aromatic hydrocarbons in dielectric are identical to those identified in 
air. Only acenaphtylene has not been detected in dielectric. Furthermore, it can be seen that all 
analyzed hydrocarbons appear in the same proportion in dielectric as in air.  
Chromium concentrations are higher compared to nickel concentrations in dielectric. The nickel 
concentration that has been found despite this absence in work-piece composition, probably 
remains from earlier investigations where nickel containing work-pieces are tested too.  
No nitrite is detected in the dielectric medium. 
No mutagenic response has been detected in dielectric samples. This test-system is extremely 
sensitive to aromatic hydrocarbons. Although these substances were actually quantified in air it 
is not unexpected that effects are not shown in these test-systems. Because detection limits of 
the umu-C test-system are relatively high, it is possible that certain effects are lost during 
preparation of samples due to dilution. 
The investigation of air with regard to the effect parameter (genotoxicity), shows that under the 
applied preparation and analyzing conditions a genotoxic effect occurs for filter extract with no 
additional metabolic fraction added. This effect can only be detected if the results are evaluated 
according to Dunnett’s procedure. No effect is detected if the same results are evaluated 
according to ISO. 
The efficacy of the Mahle air filtration system seems to be optimal for aerosols. The standard 
glass fiber filters clean the air (containing EDM emissions) to blanc-level. However this is a 
statistical interpretation. This means that variations may occur in the results. In other words, it 
can not be guaranteed that the filtrated air is clean for 100%. Actual removal rates should be 
determined to estimate this percentage. For gas, no tests have been performed. The 
expectation is however, that no gaseous molecules will be separated using the standard 
equipment. 
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Immission based monitoring 
The results from the measurements in an industrial environment (immission based monitoring) 
show that polycyclic aromatic hydrocarbons as well as volatile organic compounds can be 
detected. The quantified concentrations are far below the limit values. The aliphatic compounds, 
however, can exceed the limit values in particular cases. This is also the case for metals, which 
have been measured as chromium and nickel. The used work-piece contained chromium, so it 
has been decided to measure this immission based concentration. The results of this analysis 
shows that metal amounts reach health threatening concentrations in air where machine 
operators work and breathe.  
Exposure assessment 
During this project, an encased structure around an EDM installation is used for emission based 
monitoring. The results of some measurements are used as input in a worst case scenario that 
provides insight in the substances that are relevant for human health, concerning appearance 
and quantities. These calculations indicate that aliphatic hydrocarbons and chromium are the 
substances that are relevant for risk evaluation. The calculated production times are 7 minutes 
for chromium and 16 minutes for aliphatic compounds. At the end of both EDM production times 
the air in the working hall will theoretically contain concentrations of these substances that are 
equal to the limit values. EDM production time that exceeds the calculated times will therefore 
create a hazardous situation. The polycyclic aromatic hydrocarbons will reach concentrations 
equal to the limit value after 12000 minutes (200 hours). For benzene, which has been used as 
a reference for BTEX, this same conclusion can be withdrawn. Limit value will be exceeded 
after 11000 minutes of EDM processing time.  
The influence of changes in current and dielectric level on these emissions are quantified. Two 
individual predictive models, for emission of aliphatic compounds and chromium respectively 
have been calculated. These models can be extrapolated to an industrial environment to predict 
possible emissions arising with specific technical adjustments. In other words, times before 
exceeding limit values can be estimated in a real-life environment. 
Regarding the quantified emission rates, the concentration of aliphatic compounds and 
chromium, under the described conditions in the breathing zone, will be equal to respectively 
the BIA limit value and the TRK limit value after 65 minutes and 9 minutes. 
As a consequence of these calculations, it is recommended that a combination of source-
related measures (technical adjustments like current-, dielectric and tool/workpiece changes) 
and end-of-pipe measures (encasement & ventilation system, instructions) contribute to a 
minimal hazardous environment, where operators work. 
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8 Appendix 
8.1 Statistical analysis 
In this paragraph, the different statistical results are summarized for the emission based 
monitoring results. During this phase, influences of different technical adjustments are tested for 
their modification effects on emission loads of different substances.  
The influence of different work-pieces and tools on emission-loads are statistically evaluated 
with analysis of variance. This technique allows to compare different results with each other and 
determine whether these differences are significant. The null-hypothesis that all means are 
equal is tested. 
The influence of different dielectric levels and currents on emission loads is tested for the 
existence of a significant linear relationship. A multiple regression analysis is used for this 
reason.  
All statistical analysis are performed using SPSS for Windows, release 11.01. 
8.1.1 Analysis of Variance: Influence of Tool and Workpiece on emissions 
In one-way analysis of variance (ANOVA), the total variation is partitioned into two components. 
Between Groups represents variation of the group means around the overall mean. Within 
Groups represents variation of the individual scores around their respective group means. Sig 
indicates the significance level of the F-test. Small significance values (<.05) indicate group 
differences. Planned contrasts or Post Hoc comparisons are methods used to determine which 
group(s) differ. In this project we used Bonferroni analysis.  
Cyclohexane extractable matter 
ANOVA
Gravimetric (g/min)
.106 5 .021 194.265 .000
.003 30 .000
.110 35
Between Groups
Within Groups
Total
Sum of
Squares df Mean Square F Sig.
 
Figure 8.1 Analysis of variance; Cyclohexane extractable matter (mg/min)  
S.EVERTZ – ELECTRICAL DISCHARGE MACHINING: EXPOSURE ASSESSMENT 
151 
Table 8.1 Summary of results from the bonferroni test. 
X3NiCoMoTi 56NiCrMoV7 X36CrMo17  
R8500 R8340 R8500 R8340 R8500 R8340 
R8500       X3NiCoMoTi 
R8340 P=0.05      
R8500 X P=0.05     56NiCrMoV7 
R8340 P=0.05 P=0.05 P=0.05    
R8500 P=0.05 P=0.05 P=0.05 X   X36CrMo17 
R8340 P=0.05 P=0.05 P=0.05 P=0.05 P=0.05  
Combinations, marked with an ‘X’ are not statistically different, and all other combinations differ from each 
other with α=0.05. 
Aliphatic compounds 
ANOVA
Aliphatic comp. (µg/min)
4.48E+10 5 8957692721 57.337 .000
3.91E+09 25 156229241.9
4.87E+10 30
Between Groups
Within Groups
Total
Sum of
Squares df Mean Square F Sig.
 
Figure 8.2 Analysis of variance; Aliphatic compounds, Filter GC/MS (µg/min) 
Table 8.2 Summary of results from the bonferroni test; aliphatic hydrocarbons on filter 
(GC-MS). 
X3NiCoMoTi 56NiCrMoV7 X36CrMo17  
R8500 R8340 R8500 R8340 R8500 R8340 
R8500       X3NiCoMoTi 
R8340 P=0.05      
R8500 P=0.05 P=0.05     56NiCrMoV7 
R8340 P=0.05 X P=0.05    
R8500 P=0.05 X P=0.05 X   X36CrMo17 
R8340 P=0.05 P=0.05 P=0.05 P=0.05 P=0.05  
Combinations, marked with an ‘X’ are not statistically different, and all other combinations differ from each 
other with α=0.05. 
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ANOVA
Aliphatic comp. (µg/min), XAD GCMS
2.66E+10 5 5329063240 141.692 .000
9.40E+08 25 37610080.61
2.76E+10 30
Between Groups
Within Groups
Total
Sum of
Squares df Mean Square F Sig.
 
Figure 8.3 Analysis of variance; Aliphatic compounds, XAD GC/MS (µg/min) 
Table 8.3 Summary of results from the bonferroni test; aliphatic hydrocarbons on XAD-2 
(GC-MS). 
X3NiCoMoTi 56NiCrMoV7 X36CrMo17  
R8500 R8340 R8500 R8340 R8500 R8340 
R8500       X3NiCoMoTi 
R8340 P=0.05      
R8500 P=0.05 P=0.05     56NiCrMoV7 
R8340 P=0.05 P=0.05 P=0.05    
R8500 P=0.05 P=0.05 P=0.05 X   X36CrMo17 
R8340 X X P=0.05 P=0.05 P=0.05  
Combinations, marked with an ‘X’ are not statistically different, and all other combinations differ from each 
other with α=0.05. 
 
ANOVA
Aliphatic comp. (µg/min), Filter IR
3.21E+10 5 6413502512 145.757 .000
1.32E+09 30 44001248.63
3.34E+10 35
Between Groups
Within Groups
Total
Sum of
Squares df Mean Square F Sig.
 
Figure 8.4 Analysis of variance; Aliphatic compounds, Filter IR (µg/min) 
Table 8.4 Summary of results from the bonferroni test; aliphatic hydrocarbons on filter 
(IR). 
X3NiCoMoTi 56NiCrMoV7 X36CrMo17  
R8500 R8340 R8500 R8340 R8500 R8340 
R8500       X3NiCoMoTi 
R8340 P=0.05      
R8500 X P=0.05     56NiCrMoV7 
R8340 P=0.05 X P=0.05    
R8500 P=0.05 P=0.05 P=0.05 X   X36CrMo17 
R8340 P=0.05 P=0.05 P=0.05 P=0.05 P=0.05  
Combinations, marked with an ‘X’ are not statistically different, and all other combinations differ from each 
other with α=0.05. 
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ANOVA
Aliphatic comp. (µg/min), XAD IR
4.82E+09 5 964691698.6 12.795 .000
1.81E+09 24 75394368.49
6.63E+09 29
Between Groups
Within Groups
Total
Sum of
Squares df Mean Square F Sig.
 
Figure 8.5 Analysis of variance; Aliphatic compounds, XAD IR (µg/min) 
Table 8.5 Summary of results from the bonferroni test; aliphatic hydrocarbons on XAD-2 
(IR). 
X3NiCoMoTi 56NiCrMoV7 X36CrMo17  
R8500 R8340 R8500 R8340 R8500 R8340 
R8500       X3NiCoMoTi 
R8340 X      
R8500 X X     56NiCrMoV7 
R8340 X X X    
R8500 P=0.05 X X X   X36CrMo17 
R8340 P=0.05 P=0.05 P=0.05 P=0.05 P=0.05  
Combinations, marked with an ‘X’ are not statistically different, and all other combinations differ from each 
other with α=0.05.  
Benzene, Toluene, Ethylene benzene and Xylene 
ANOVA
6.53E+09 5 1305765982 8.373 .002
1.72E+09 11 155955519.1
8.24E+09 16
3.52E+08 5 70389248.37 11.586 .000
66826603 11 6075145.740
4.19E+08 16
6395876 5 1279175.296 6.294 .005
2235539 11 203230.851
8631416 16
20924060 5 4184811.910 16.319 .000
2820762 11 256432.914
23744822 16
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Benzene [µg/min]
Toluene [µg/min]
Ethylene benzene
[µg/min]
Xylene [µg/min]
Sum of
Squares df Mean Square F Sig.
 
Figure 8.6 Analysis of variance; BTEX (µg/min) 
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Table 8.6 Summary of results from the bonferroni test (see appendix); benzene (TD-
GC/MS). 
X3NiCoMoTi 56NiCrMoV7 X36CrMo17  
R8500 R8340 R8500 R8340 R8500 R8340 
R8500       X3NiCoMoTi 
R8340 X      
R8500 X X     56NiCrMoV7 
R8340 X P=0.05 X    
R8500 X X X X   X36CrMo17 
R8340 X P=0.05 P=0.05 X P=0.05  
Combinations, marked with an ‘X’ are not statistically different, and all other combinations differ from each 
other with α=0.05.  
Nickel and Chromium 
ANOVA
48685739 5 9737147.731 1532.886 .000
114339.0 18 6352.169
48800078 23
37379672 5 7475934.418 1913.390 .000
70328.994 18 3907.166
37450001 23
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Nickel (mg/min)
Cromium (mg/min)
Sum of
Squares df Mean Square F Sig.
 
Figure 8.7 Analysis of variance; Nickel and Chromium (mg/min) 
8.1.2 Linear Regression analysis; Predictor Dielectric-Level  
The following figures are the result from regression analysis using SPSS. Different dependent 
variables (emission-substances) are tested for relationships to the independent variable 
dielectric level. The figures describe: Unstandardized coefficients (coefficients of the estimated 
regression model). The standardized coefficients or betas are an attempt to make the 
regression coefficients more comparable. If the data is transformed to z scores prior to 
regression analysis, the beta coefficients are the unstandardized coefficients. The t statistics 
can help determine the relative importance of each variable in the model. Useful predictors are t 
values well below -2 or above +2. 
Coefficientsa
.210 .016 12.921 .000 .177 .243
-1.64E-04 .000 -.098 -.670 .506 -.001 .000
(Constant)
Level
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Aliphatic comp. (µg/min), Filter GCMSa. 
 
Figure 8.8 Results regression analysis; dielectric level and cyclohexane extractable matter. 
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Coefficientsa
124.375 5.920 21.008 .000 112.410 136.341
-.243 .095 -.375 -2.556 .014 -.436 -.051
(Constant)
Level
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Aliphatic comp. (µg/min), Filter GCMSa. 
 
Figure 8.9 Results regression analysis; dielectric level and aliphatic compounds (Filter GC/MS). 
Coefficientsa
-29.323 15.419 -1.902 .063 -60.360 1.714
1.852 .233 .761 7.963 .000 1.384 2.320
(Constant)
Level
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Aliphatic comp. (µg/min), Filter GCMSa. 
 
Figure 8.10 Results regression analysis; dielectric level and aliphatic compounds (Filter IR). 
Coefficientsa
528084.4 28743.739 18.372 .000 468126.050 588042.829
-4445.514 419.931 -.921 -10.586 .000 -5321.475 -3569.554
(Constant)
Level
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Benzene [µg/min]a. 
 
Figure 8.11 Results regression analysis; dielectric level and benzene. 
Coefficientsa
91506.878 5320.045 17.200 .000 80409.458 102604.298
-804.008 77.723 -.918 -10.345 .000 -966.135 -641.880
(Constant)
Level
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Toluene [µg/min]a. 
 
Figure 8.12 Results regression analysis; dielectric level and toluene. 
Coefficientsa
11604.747 995.506 11.657 .000 9528.158 13681.335
-97.728 14.544 -.832 -6.720 .000 -128.066 -67.391
(Constant)
Level
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Ethylene benzene [µg/min]a. 
 
Figure 8.13 Results regression analysis; dielectric level and ethylene-benzene 
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Coefficientsa
7473.894 1378.851 5.420 .000 4597.661 10350.126
-59.203 20.144 -.549 -2.939 .008 -101.223 -17.183
(Constant)
Level
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Xylene [µg/min]a. 
 
Figure 8.14 Results regression analysis; dielectric level and xylene. 
Coefficientsa
.165 .024 6.735 .001 .105 .225
-8.44E-04 .000 -.683 -2.288 .062 -.002 .000
(Constant)
Level
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Acenaphtylene [µg/min]a. 
 
Figure 8.15 Results regression analysis; dielectric level and acenaphtylene. 
Coefficientsa
.267 .026 10.255 .000 .203 .330
-2.03E-03 .000 -.904 -5.169 .002 -.003 -.001
(Constant)
Level
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Anthracene [µg/min]a. 
 
Figure 8.16 Results regression analysis; dielectric level and anthracene. 
Coefficientsa
1.060 .090 11.786 .000 .840 1.280
-5.77E-03 .001 -.867 -4.256 .005 -.009 -.002
(Constant)
Level
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Fluoranthene [µg/min]a. 
 
Figure 8.17 Results regression analysis; dielectric level and fluoranthene. 
Coefficientsa
.154 .036 4.323 .005 .067 .242
-4.14E-04 .001 -.299 -.768 .471 -.002 .001
(Constant)
Level
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Fluorene [µg/min]a. 
 
Figure 8.18 Results regression analysis; dielectric level and fluorene.. 
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Coefficientsa
1.956 .207 9.474 .000 1.451 2.462
-1.29E-02 .003 -.861 -4.146 .006 -.021 -.005
(Constant)
Level
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Phenanthrene [µg/min]a. 
 
Figure 8.19 Results regression analysis; dielectric level and phenanthrene. 
Coefficientsa
.902 .133 6.802 .000 .578 1.226
-4.13E-03 .002 -.645 -2.067 .084 -.009 .001
(Constant)
Level
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Pyrene [µg/min]a. 
 
Figure 8.20 Results regression analysis; dielectric level and pyrene. 
Coefficientsa
4.504 .371 12.140 .000 3.596 5.412
-2.61E-02 .006 -.885 -4.665 .003 -.040 -.012
(Constant)
Level
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Total PAH [µg/min]a. 
 
Figure 8.21 Results regression analysis; dielectric level and total PAH. 
Coefficientsa
3.975 .123 32.358 .000 3.724 4.226
-4.88E-03 .002 -.433 -2.633 .013 -.009 -.001
(Constant)
Level
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Chromium [mg/min]a. 
 
Figure 8.22 Results regression analysis; dielectric level and chromium 
8.1.3 Linear Regression analysis; Predictor Current  
The following figures are the result from regression analysis using SPSS. Different dependent 
variables (emission-substances) are tested for relationships to the independent variable current. 
The figures describe: Unstandardized coefficients (coefficients of the estimated regression 
model). The standardized coefficients or betas are an attempt to make the regression 
coefficients more comparable. If the data is transformed to z scores prior to regression analysis, 
the beta coefficients are the unstandardized coefficients. The t statistics can help determine the 
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relative importance of each variable in the model. Useful predictors are t values well below -2 or 
above +2. 
Coefficientsa
-3.87E-02 .006 -6.218 .000 -.051 -.026
1.254E-03 .000 .946 22.223 .000 .001 .001
(Constant)
Current
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Cyclohexane extractable matter [mg/min]a. 
 
Figure 8.23 Results regression analysis; current and cyclohexane extractable matter 
Coefficientsa
-39698.8 9691.824 -4.096 .000 -59060.443 -20337.155
757.482 86.454 .738 8.762 .000 584.770 930.194
(Constant)
Current
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Aliphatic comp. (µg/min), Filter GCMSa. 
 
Figure 8.24 Results regression analysis; current and aliphatic compounds filter GC/MS. 
Coefficientsa
-6699.573 9644.822 -.695 .490 -26053.324 12654.177
302.389 78.404 .472 3.857 .000 145.059 459.719
(Constant)
Current
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Aliphatic comp. (µg/min), Filter IRa. 
 
Figure 8.25 Results regression analysis; current and aliphatic compounds filter IR. 
Coefficientsa
25.579 2.049 12.484 .000 21.382 29.776
7.270E-02 .018 .603 3.999 .000 .035 .110
(Constant)
Current
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Benzene [µg/min]a. 
 
Figure 8.26 Results regression analysis; current and benzene. 
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Coefficientsa
5.094 .382 13.348 .000 4.312 5.876
6.015E-03 .003 .318 1.776 .087 -.001 .013
(Constant)
Current
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Toluene [µg/min]a. 
 
Figure 8.27 Results regression analysis; current and toluene. 
Coefficientsa
1.099 .098 11.254 .000 .899 1.299
-2.02E-03 .001 -.403 -2.330 .027 -.004 .000
(Constant)
Current
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Ethylene benzene [µg/min]a. 
 
Figure 8.28 Results regression analysis; current and ethylene benzene. 
Coefficientsa
.647 .099 6.563 .000 .445 .850
-1.82E-03 .001 -.365 -2.077 .047 -.004 .000
(Constant)
Current
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Xylene [µg/min]a. 
 
Figure 8.29 Results regression analysis; current and xylene. 
Coefficientsa
-4.89E-02 .016 -3.084 .013 -.085 -.013
1.380E-03 .000 .956 9.764 .000 .001 .002
(Constant)
Current
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Acenaphtylene [µg/min]a. 
 
Figure 8.30 Results regression analysis; current and acenaphtylene. 
Coefficientsa
4.992E-02 .015 3.252 .010 .015 .085
1.137E-03 .000 .941 8.304 .000 .001 .001
(Constant)
Current
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Anthracene [µg/min]a. 
 
Figure 8.31 Results regression analysis; current and anthracene. 
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Coefficientsa
.273 .052 5.258 .001 .156 .391
4.219E-03 .000 .950 9.103 .000 .003 .005
(Constant)
Current
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Fluoranthene [µg/min]a. 
 
Figure 8.32 Results regression analysis; current and fluoranthene 
Coefficientsa
-1.43E-02 .020 -.710 .496 -.060 .031
1.172E-03 .000 .908 6.514 .000 .001 .002
(Constant)
Current
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Fluorene [µg/min]a. 
 
Figure 8.33 Results regression analysis; current and fluorene 
Coefficientsa
.880 .185 4.763 .001 .462 1.298
4.271E-03 .002 .654 2.591 .029 .001 .008
(Constant)
Current
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Phenanthrene [µg/min]a. 
 
Figure 8.34 Results regression analysis; current and phenanthrene. 
Coefficientsa
.177 .048 3.680 .005 .068 .285
4.835E-03 .000 .966 11.286 .000 .004 .006
(Constant)
Current
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Pyrene [µg/min]a. 
 
Figure 8.35 Results regression analysis; current and pyrene. 
Coefficientsa
1.391 .232 6.003 .000 .867 1.916
1.579E-02 .002 .931 7.636 .000 .011 .020
(Constant)
Current
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Total PAH [µg/min]a. 
 
Figure 8.36 Results regression analysis; current and total PAH. 
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Coefficientsa
1.427 .234 6.109 .000 .952 1.902
1.473E-02 .002 .796 7.671 .000 .011 .019
(Constant)
Current
Model
1
B Std. Error
Unstandardized
Coefficients
Beta
Standardized
Coefficients
t Sig. Lower Bound Upper Bound
95% Confidence Interval for B
Dependent Variable: Chromium [mg/min]a. 
 
Figure 8.37 Results regression analysis; current and chromium. 
8.2 Sampling data: registration parameters 
In this paragraph all emission based registration parameters are summarized. These 
parameters are documented during the different sampling days at WZL RWTH Aachen. Each 
figure is specific for one sampling day.  
The figures contain the follwing information: 12 sampling activities, resp. negative control filter 
(FN_..), sample filter (FS_..), negative control XAD-2 (XN_..), sample XAD-2 (XS_..), three 
sample Tenax tubes (Y..), three negative control Tenax tubes (Y..), Dielectric (Dlc..), Slurry 
(Slr..). Per activity following parameters are documented: sampling time (Time), Adjustment at 
Mahle pump (M_adj.), Air velocity in tubes (Vel.), Depth of worktool in workpiece at start point 
(t0) and end point (t1), Temperature at end of activity (Temp.), Relative humidity at end of 
activity (Humidity), Mean pressure (Pressure). 
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Sampling file  EDM:     Sampling-points:  Sampling-conditions: 
Number 1  Dielektrikum  BP200  Dielectric  X Flow Mahle m3/hr 
Date 05.02.2001  .. Höhe  60mm  Slurry   Flow Mahle %  
Name Nina  Werkstück  X3NiCoMoTi Air-
Glasfibre 
 X Pump ml/min  
   Werkzeug  R8500  Air-XAD  X   
   Strom  128A  Air-TENAX  X   
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure  
Nr Code min % m/s mm mm mm °C %H mP  
1 FN_0502 8.3 66 3.09    25.5 32.7   
2 FS_0502 6.5 64 2.97 2.5 5.1 2.6 26.2 32.5   
3 XN_0502 8.3 96 1.11    32 30.9   
4 XS_0502 6.4 97 1.06 5.1 7.7 2.6 32.9 24.3   
5 Y10577 11.2 19 1.09 7.7 12.2 4.5 22.1 31 961  
6 Y11179 11.3 19 1.36 12.2 16.7 4.5 24.3 28.6 960  
7 Y 11.3 18 1.27 16.7 21.2 4.5 24.7 29.1 964  
8 Y05477 10.0 19 1.09    22.9  972  
9 Y07806 10.0 19 1.36    23.9  971  
10 Y05816 10.0 18 1.27    24.7  973  
11 Dlc_0502           
12 XN_0502* 8.3 91 1.22    29.5 35.9   
Figure 8.38 Registration parameters, sampling day 1 
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Sampling file  EDM:     Sampling-points:  Sampling-
conditions: 
Number 2  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 12.02.2001  .. Höhe  60mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  X3NiCoMoTi Air-Glasfibre X Pump ml/min 
   Werkzeug  R8340  Air-XAD  X  
   Strom  128A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_1202 9.8 58 3.35    21.3 41.6  
2** FS_1202 8.2 65 3.14 2.5 5.104 2.604 25.4 38.7  
3 XN_1202 9.8 h5 1.26    28 33.7  
4 XS_1202 6.6 h5 1.25 5.117 7.711 2.594 34.6 24.6  
5 Y09921 11.5 14 0.83 7.7 12.2 4.5 30.3 30.6 996 
6 Y09818 12.4 17 0.78 12.2 16.7 4.5 29.2 32.3 995 
7 Y09559 12.9 13 1.19 16.7 21.2 4.5 27.9 33.1 995 
8 Y09643 15.0 14 0.83    19.9  988 
9 Y09814 15.0 17 0.78    21.4  988 
10 Y10239 15.0 13 1.19    22.1  990 
11 Dlc_1202          
12 XN_*1202          
           
Figure 8.39 Registration parameters, sampling day 2 
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Sampling file  EDM:     Sampling-points:  Sampling-
conditions: 
Sample 3  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 19.02.2001  .. Höhe  60mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  X3NiCoMoTi Air-Glasfibre X Pump ml/min 
   Werkzeug  R8340  Air-XAD  X  
   Strom  128A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_1902 9.8 58 3.56    21.1 29.3  
2 FS_1902 6.6 55 3.39 2.497 5.098 2.601 21.4 27.6  
3 XN_1902 9.8 H5 1.31    27.5 22.8  
4 XS_1902 6.6 H5 1.27 5.098 7.696 2.598 33.2 20.7  
5 Y05477 11.8 14 0.97 7.696 12.196 4.5 27.3 22.9 1010 
6 Y05195 11.6 14 0.95 12.196 16.7 4.5 26.5 23.6 1009 
7 Y09816 13.0 14 0.92 16.7 21.2 4.5 26.2 23.7 1009 
8 Y10577 15.0 14 0.97    19.2  1005 
9 Y11179 15.0 14 0.95    21.4  998 
10 Y0786 15.0 14 0.92    22.4  999 
11 Dlc_          
12 XN_*          
Figure 8.40 Registration parameters, sampling day 3 
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Sampling file  EDM:     Sampling-points:  Sampling-
conditions: 
Number 4  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 07.03.2001  .. Höhe  60mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  56 NiCrMoV7 Air-Glasfibre X Pump ml/min 
   Werkzeug  R8500  Air-XAD  X  
   Strom  128A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_ 9.8 51 3.21    22.5 39.3  
2 FS_ 6.9 80 3.09 2.501 5.103 2.602 25.2 36.1  
3 XN_ 10.0      21.1  976 
4 XS_ 7.0 h5 1.03 5.103 7.7 2.597 30.7 31.8  
5 Y08428 12.7 14 0.92 7.7 12.2 4.5 21.8 32.1 984 
6 Y10020 12.5 14 0.85 12.2 16.7 4.5 22.8 32.8 984 
7 Y09816 12.6 14 0.84 16.7 21.2 4.5 23.6 33.4 985 
8 Y07806 10.0 14     23.7  973 
9 Y05195 10.0 14     24.1  974 
10 Y10577 10.0 14     24.7  972 
11 Dlc_          
12 XN_*          
Figure 8.41 Registration parameters, sampling day 4 
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Sampling file  EDM:     Sampling-points:  Sampling-
conditions: 
Number 5  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 22.03.2001  .. Höhe  60mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  56 NiCrMoV7 Air-Glasfibre X Pump ml/min 
   Werkzeug  R8340  Air-XAD  X  
   Strom  128A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_ 9.8 52 2.91    21.9 43.6  
2 FS_ 6.3 49 2.88 2.499 5.104 2.605 24.1 40.3  
3 XN_ 10.0      22.4  956 
4 XS_ 6.3 h5 1.04 5.104 7.7 2.596 27.7 35.6  
5 Y10579 11.6 15 0.92 7.7 12.2 4.5 21.4 35.1 966 
6 Y09559 11.5 14 0.8 12.2 16.7 4.5 22.6 35.5 965 
7 Y09818 11.7 14 0.81 16.7 21.2 4.5 23.3 35.3 966 
8 Y11489 10.0 15 0.92    22.9  957 
9 Y10587 10.0 14 0.8    23.7  959 
10 Y08428 10.0 14 0.81    23.7  957 
11 Dlc_          
12 XN_*          
Figure 8.42 Registration parameters, sampling day 5 
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Sampling file  EDM:     Sampling-points:  Sampling-
conditions: 
Number 6  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 29.03.2001  .. Höhe  60mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  X36CrMo17 Air-Glasfibre X Pump ml/min 
   Werkzeug  R8500  Air-XAD  X  
   Strom  128A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_ 9.8 66 3.12    23.65 24.9  
2 FS_ 8.9 72 2.95 5.016 7.6 2.584 25.7 30.9  
3 XN_ 10.0 14    Sehe unten    
4 XS_ 9.0 h5 1.13 7.6 10.4 2.8 30.3 26.1  
5 Y10587 15.6 14 0.77 10.204 14.7 4.496 21.4 28.7 968 
6 Y09864 15.3 14 0.79 14.7 19.2 4.5 22.6 28.8 968 
7 Y09818 16.5 14 0.77 19.2 23.7 4.5 23.9 31.3 968 
8 Y10020 10.0 14     24.3  960 
9 Y09559 10.0 14     24.4  960 
10 Y11489 10.0 14     24.6  958 
11 Dlc_ nach 8 minute bei letzter TENAX Probe       
12 XN_*          
Figure 8.43 Registration parameters, sampling day 6 
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Sampling file  EDM:     Sampling-points:  Sampling-
conditions: 
Number 7  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 10.04.2001  .. Höhe  60mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  X36CrMo17 Air-Glasfibre X Pump ml/min 
   Werkzeug  R8340  Air-XAD  X  
   Strom  128A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_ 9.8 68 2.75    24.7 38.2  
2* FS_ 8.1 90 2.59 1.18 3.68 2.5 28.1 33.5  
3 XN_       21.9 39.7  
4 XS_ 8.0 h5 1.31 6.6 9.2 2.6 24 38.5  
5 Y09818 14.5 14 1.11 9.2 13.7 4.5 21.5 45.3 981 
6 Y09816 14.6 14 0.73 13.7 18.2 4.5 23.3 43.4 981 
7 Y10020 14.6 14 0.81 18.2 22.7 4.5 24 43.7 980 
8 Y11489 10.0 14 1.11    23.8  973 
9 Y10587 10.0 14 0.73    23.9  973 
10 Y09864 10.0 14 0.81    24.1  973 
11 Dlc_ Nach Minute bei letzter TENAX Messung genommen      
12 XN_*          
Figure 8.44 Registration parameters, sampling day 7 
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Sampling file  EDM:     Sampling-points:  Sampling-
conditions: 
Number 8  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 17.04.2001  .. Höhe  90mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  X36CrMo17 Air-Glasfibre X Pump ml/min 
   Werkzeug  R8340  Air-XAD  X  
   Strom  128A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_ 9.8 59 3.13    22.3 32.5  
2 FS_ 8.0 80 3.03 3.8 6.4 2.6 25 30.1  
3 XN_          
4 XS_ 8.1 h5 1.25 6.4 9 2.6 31.8 22.6  
5 Y10579 14.2 14 0.77 9 13.5 4.5 21.8 25.9 993 
6 Y07806 14.5 14 0.72 13.5 18 4.5 23.3 26.5 991 
7 Y10577 14.5 14 0.67 18 22.5 4.5 24.4 26.2 992 
8 Y09655 10.0 14 0.77    24  982 
9 Y05195 10.0 14 0.72    23.9  982 
10 Y09655 10.0 14 0.67    23.6  981 
11 Dlc_          
12 XN_*          
Figure 8.45 Registration parameters, sampling day 8 
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Sampling file  EDM:   Repro 2  Sampling-points:  Sampling-
conditions: 
Number 9  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 23.04.2001  .. Höhe  90mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  X36CrMo17 Air-Glasfibre X Pump ml/min 
   Werkzeug  R8340  Air-XAD  X  
   Strom  128A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_ 9.8 59 3.07    22.7 29.8  
2 FS_ 8.0 92 2.9 2.81 5.401 2.591 24.8 28  
3 XN_          
4 XS_ 8.1 h5 1.21 5.401 8.004 2.603 30.5 22.6  
5 Y09816 14.2 16 0.64 8.004 12.503 4.499 21.8 24.3 975 
6 Y07806 14.4 18 0.82 12.503 17.006 4.503 23.1 24 975 
7 Y10566 14.6 14 0.71 17.006 21.505 4.499 24 23.8 976 
8 Y10577 10.0 16     24.3  966 
9 Y10579 10.0 18     24.4  966 
10 Y10020 10.0 14     24.7  966 
11 Dlc_          
12 XN_*          
Figure 8.46 Registration parameters, sampling day 9 
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Sampling file  EDM:   Repro 3  Sampling-points:  Sampling-
conditions: 
Number 10  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 30.04.2001  .. Höhe  90mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  X36CrMo17 Air-Glasfibre X Pump ml/min 
   Werkzeug  R8340  Air-XAD  X  
   Strom  128A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_ 9.8 63 3.17    23.5 43.3  
2 FS_ 8.1 86 2.83 26.9 29.501 2.601 26.4 39.5  
3 XN_          
4 XS_ 8.1 h5 1.15 29.501 32.101 2.6 30.5 36.4  
5* Y09554 15.3 14 0.69 32.101 36.601 4.5 22.1 35.4 985 
6 Y09864 14.6 19 0.68 2 6.5 4.5 23.6 36 985 
7 Y09655 14.8 15 0.48 6.5 11 4.5 24 35.8 983 
8 Y05195 10.0 14     20.9  975 
9 Y09818 10.0 19     22.7  977 
10 Y10587 10.0 15     23.6  973 
11 Dlc_          
12 XN_*          
Figure 8.47 Registration parameters, sampling day 10 
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Sampling file  EDM:   Repro 1  Sampling-points:  Sampling-
conditions: 
Number 11  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 28.05.2001  .. Höhe  35mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  X36CrMo17 Air-Glasfibre X Pump ml/min 
   Werkzeug  R8340  Air-XAD  X  
   Strom  128A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_ 9.8 59 3.52    22.7 54.6  
2 FS_ 8.3 78 3.02 3.5 6.106 2.606 28.3 46  
3 XN_          
4 XS_ 8.5 h5 1.07 6.106 8.704 2.598 35.3 40.3  
5* Y10239 14.7 41 1.97 8.704 13.2 4.496 23.6 41.4 997 
6 Y05477 14.7 58 1.95 13.2 17.7 4.5 24.6 41.5 999 
7 Y09643 14.6 79 1.47 17.7 22.2 4.5 25.4 35.4 995 
8 Y10577 10.0 41     25.8  986 
9 Y10579 10.0 58     26  986 
10 Y11549 10.0 79     26.2  986 
11 Dlc_          
12 XN_*          
Figure 8.48 Registration parameters, sampling day 11 
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Sampling file  EDM:   Repro 2  Sampling-points:  Sampling-
conditions: 
Number 12  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 06.05.2001  .. Höhe  35mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  X36CrMo17 Air-Glasfibre X Pump ml/min 
   Werkzeug  R8340  Air-XAD  X  
   Strom  128A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_ 9.8 67 3.48    26.2 36.2  
2 FS_ 8.1 92 2.71 2.1 4.706 2.606 29.2 33.1  
3 XN_          
4 XS_ 8.7 h5 0.95 4.806 7.406 2.6 33.1 30.5  
5* Y10587 14.2 90 1.87 7.4 11.903 4.503 22.9 26.1 993 
6 Y09816 15.0 96 1.98 11.903 16.4 4.497 24.3 21.5 993 
7 Y11484 14.8 105 1.68 16.4 20.9 4.5 25.4 Low batt. 992 
8 Y07806 10.0 90 1.87    25.4  985 
9 Y09864 10.0 96 1.98    25.8  985 
10 Y10566 10.0 105 1.87    25.8  984 
11 Dlc_ Dielectric nach 8 Minute be 3. Tenax Probe entnommen     
12 XN_*          
Figure 8.49 Registration parameters, sampling day 12 
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Sampling file  EDM:   Repro 1  Sampling-points:  Sampling-
conditions: 
Number 13  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 06.11.2001  .. Höhe  35mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  X36CrMo17 Air-Glasfibre X Pump ml/min 
   Werkzeug  R8340  Air-XAD  X  
   Strom  128A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_ 9.8 60 3.92    19.4 53.7  
2 FS_ 8.1 60-93 3.38 2.75 5.295 2.545 22.1 51.2  
3 XN_        41.9  
4 XS_ 8.3 105 0.95 5.295 7.908 2.613 27.4 36.2  
5* Y05195 14.4 89 2.81 7.908 12.398 4.49 18 32.8 991 
6 Y10239 14.8 105 1.25 12.398 16.904 4.506 18.9  990 
7  *     0    
8 Y09818 10.0      19.3  981 
9 Y09921 *         
10           
11 Dlc_          
12 XN_*          
Figure 8.50 Registration parameters, sampling day 13 
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Sampling file  EDM:   Repro 1  Sampling-points:  Sampling-
conditions: 
Number 14  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 20/6/2001  .. Höhe  35mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  X36CrMo17 Air-Glasfibre X Pump ml/min 
   Werkzeug  R8340  Air-XAD  X  
   Strom  32A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_ 9.8 56 2.99    23.9 43  
2 FS_ 29.8 90 2.75 3.5 6.1 2.6 33.6   
3 XN_          
4 XS_      0    
5* y09864 53.4 63 0.82 8.7 13.2 4.5 23.1   
6 y05407 54.8 78 0.77 13.2 17.7 4.5 25.4   
7 y07806 52.9 78 0.72 17.7 22.2 4.5 26.4   
8 y05195 50.0 63 0.82    24.8   
9 y09816 50.0 78 0.77    25.8   
10 y10587 50.0 78 0.72    26.7   
11 Dlc_          
12 XN_*          
Figure 8.51 Registration parameters, sampling day 14 
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Sampling file  EDM:   Repro 2  Sampling-points:  Sampling-
conditions: 
Number 15  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 25/6/2001  .. Höhe  35mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  X36CrMo17 Air-Glasfibre X Pump ml/min 
   Werkzeug  R8340  Air-XAD  X  
   Strom  32A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_ 9.8 68 3.04    26.2 53.1  
2 FS_ 31.2 62 2.89 3.3 5.9 2.6 37.5 35.9  
3 XN_          
4 XS_      0    
5* y09559 55.4 16 0.82 8.5 13 4.5 26.5 46.2 995 
6 y09631 56.2 17 0.83 13 17.5 4.5 27.9 42.6 995 
7 y09655 56.0 17 0.85 17.5 22 4.5 28.2 41.1 995 
8 y09643 50.0 16 0.82    26.6  987 
9 y10577 50.0 17 0.83    27.9  987 
10 y11549 50.0 17 0.85    28.2  991 
11 Dlc_          
12 XN_*          
           
Figure 8.52 Registration parameters, sampling day 15 
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Sampling file  EDM:   Repro 1  Sampling-points:  Sampling-
conditions: 
Number 17  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 07.09.2001  .. Höhe  35mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  X36CrMo17 Air-Glasfibre X Pump ml/min 
   Werkzeug  R8340  Air-XAD  X  
   Strom  64A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_ 9.8 56 2.97    25.8 44.9  
2 FS_ 11.5 70 2.45 2.5 5.1 2.6 28.9 40.6  
3 XN_          
4 XS_      0    
5* y07222 20.1 15 0.75 7.7 12.2 4.5 23.6 44 988 
6 y09549 20.0 15 0.75 12.2 16.7 4.5 25.1 43.1 986 
7 y12474 19.7 15 0.75 16.7 21.2 4.5 25.7 42.2 987 
8 y19976 21.0 15 0.75    23.6  978 
9 y07506 20.0 15 0.75    25.2  979 
10           
11 Dlc_          
12 XN_*          
Figure 8.53 Registration parameters, sampling day 17 
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Sampling file  EDM:   Repro 1  Sampling-points:  Sampling-
conditions: 
Number 18  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 07.16.2001  .. Höhe  35mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  X36CrMo17 Air-Glasfibre X Pump ml/min 
   Werkzeug  R8340  Air-XAD  X  
   Strom  192A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_ 9.8 61 3.45    25.1 48.9  
2 FS_ 9.8 57 1.92 5.1 7.7 2.6 28.2   
3 XN_       28.2 28.2  
4 XS_      0    
5 y05195 16.4 15 0.79 7.7 12.2 4.5 22.7 45 989 
6* y10239 19.9 15 0.79 12.2 16.7 4.5 24.4 44 987 
7 y11549 28.3 15 0.78 16.7 21.2 4.5 25.4 43 989 
8 y10579 15.0 15 0.79    22.5  981 
9 y09631 15.0 15 0.79    24  985 
10 y11489 15.0 15 0.78    24.7  981 
11 Dlc_          
12 XN_*          
Figure 8.54 Registration parameters, sampling day 18 
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Sampling file  EDM:   Repro 2  Sampling-points:  Sampling-
conditions: 
Number 19  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 07.18.2001  .. Höhe  35mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  X36CrMo17 Air-Glasfibre X Pump ml/min 
   Werkzeug  R8340  Air-XAD  X  
   Strom  192A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_ 9.8 55 2.99    25 48.3  
2 FS_ 11.1 72 2.64 2.5 5.1 2.6 28.2 43.7  
3 XN_          
4 XS_      0    
5 y09921 16.9 16 0.79 7.7 12.2 4.5 23.2 44.2 973 
6* y08428 18.3 16 0.77 12.2 16.7 4.5 24.9 42.1 973 
7 y10020 18.0 16 0.72 16.7 21.2 4.5 25.4 40.7 974 
8 y09863 20.0 16 0.79    23.6  967 
9 y09816 20.0 16 0.77    24.9  967 
10 y05477 20.0 16 0.72    25.7  966 
11 Dlc_          
12 XN_*          
Figure 8.55 Registration parameters, sampling day 19 
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Sampling file  EDM:   Repro 2  Sampling-points:  Sampling-
conditions: 
Number 20  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 07.23.2001  .. Höhe  35mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  X36CrMo17 Air-Glasfibre X Pump ml/min 
   Werkzeug  R8340  Air-XAD  X  
   Strom  64A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_ 9.8 60 3    25.1 60.6  
2* FS_ 13.0 88 2.72 2.5 5.1 2.6 30.5 51.1  
3 XN_          
4 XS_      0    
5 y12474 23.8 16 0.73 7.7 12.2 4.5 23.6 55.1 991 
6 y09643 24.0 16 0.78 12.2 16.7 4.5 25.1 54 991 
7 y07222 24.2 16 0.77 16.7 21.2 4.5 25.8 52.6 990 
8 y09818 20.0 16 0.73    23.9  985 
9 y07056 20.0 16 0.78    25  985 
10           
11 Dlc_          
12 XN_*          
Figure 8.56 Registration parameters, sampling day 20 
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Sampling file  EDM:   Repro 3  Sampling-points:  Sampling-
conditions: 
Number 21  Dielektrikum  BP200  Dielectric  X Flow Mahle 
m3/hr 
Date 07.31.2001  .. Höhe  35mm  Slurry   Flow Mahle % 
Name Nina  Werkstück  X36CrMo17 Air-Glasfibre X Pump ml/min 
   Werkzeug  R8340  Air-XAD  X  
   Strom  64A  Air-TENAX  X  
Sample Adsorber Time Mahle Mean Depth t0 Depth t1 Difference Temp. Humidity Pressure 
Nr Code min % m/s mm mm mm °C %H mP 
1 FN_ 9.8 56 3.06    26.2 65.5  
2* FS_ 13.3 98 2.88 2.5 5.1 2.6 32.8 51.8  
3 XN_          
4 XS_      0    
5 y10577 23.0 17 0.82 7.7 12.2 4.5 25.2 56.7 995 
6 y10239 23.6 17 0.79 12.2 16.7 4.5 26.6 55.8 994 
7 y09921 24.0 17 0.78 16.7 21.2 4.5 27.3 53.8 993 
8 y10579 20.0 17 0.82    25.2  988 
9 y09655 20.0 17 0.79    26.1  989 
10 y05195 20.0 17 0.78    26.8  988 
11 Dlc_          
12 XN_*          
Figure 8.57 Registration parameters, sampling day 21 
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8.3 Analysis data: Chromatograms and mass spectra 
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Figure 8.58 Chromatogram (GC) of sample-dilution (7 µg/ml) of dielectric BP200 in cyclohexane. 
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Figure 8.59 Mass spectrum tetradecane-peak (in figure 8.58) ) of sample-dilution (7 µg/ml) of dielectric BP200 in cyclohexane. 
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Figure 8.60 Chromatogram (GC) of glass fiber filter extract of an air sample taken at WZL during EDM. 
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Figure 8.61 Mass spectrum aliphatic compound-peak (in figure 8.60) of glass fiber filter extract of an air sample taken at WZL during EDM. 
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Figure 8.62 Chromatogram (GC) of XAD-2 extract of an air sample taken at WZL during EDM. 
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Figure 8.63 Mass spectrum tetradecane-peak (in figure 8.62) of XAD-2 extract of an air sample taken at WZL during EDM. 
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Figure 8.64 Chromatogram (GC) of sample-dilution of PAH-mix (0.06 µg/ml) in cyclohexane. 
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Figure 8.65 Chromatogram of specific selected PAH of air sample taken during EDM using specific ion selections. 
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Figure 8.66 Chromatogram (ATD) of an air sample taken on TENAX at WZL during EDM. 
Benzene 
CHAPTER 8 – APPENDIX 
188 
 
Figure 8.67 Mass spectrum (ATD) of an air sample taken on TENAX at WZL during EDM. Ion selection 78: Benzene. 
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9 Abbreviations 
AFS Air filtration system 
ATD Automatic thermodesorption 
ATSDR Agency for toxic substances and disease registry 
BIA “Berufsgenossenschaftliches Institut für Arbeitssicherheit” 
(German occupational protection agency) 
BTEX Benzene, Toluene, Ethylene benzene, m, p, o, -Xylene 
CEM Cyclohexane extractable matter 
CH Cyclohexane 
DHHS Department of Health and Human Services 
DIN Deutsches Institut für Normung 
DMSO Dimethylsulfoxide 
DNA Desoxyribonucleic acid 
EDM Electrical discharge machining 
GC Gas chromatography 
HPLC High performance liquid chromatography 
IR Infrared spectroscopy 
ITD Ion trap detector 
LID Lowest ineffective dilution 
MAC Maximum acceptable concentration   
MS Mass spectroscopy 
NIOSH National Institute of Occupational Safety and Health 
NOEL No-observed effect level 
OSHA Occupational Safety and Health Administration 
PAH Polycyclic aromatic hydrocarbons 
PAS Personal air sampler 
PEL  Permission exposure limit 
TC Technical concentration 
TCTF Tetrachlorotrifluoethane 
TD Thermodesorption 
TIC Total ion count 
TRGS “Technische Richtlinien für Gefahrstoffe” (Technical regulations for 
hazardous substances) 
TRK “Technischer Richtkonzentration” (TC) 
VDI Verein Deutscher Ingenieure 
VOC Volatile organic compounds 
  
WHO World Health Organization 
WZL “Werkzeugmaschinen Labor” (Laboratory for machine tools and 
production engineering 
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